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During the last decades, the growing interest for single-cell analysis has led to the 
creation of a number of microfluidic and lab-on-a chip (LOC) platforms for char-
acterizing cellular samples. In that context label-free based platforms are minimally 
invasive and offer the notable advantages of reducing alteration of the analyzed sam-
ple and granting its re-employment. 
The study of intrinsic features of single cells independent from markers is commonly 
attained using electrical and mechanical-based techniques. Electrical-based tech-
niques have been widely employed in LOC applications, both for characterizing and 
for manipulating cell samples. The translation of these approaches to single-cells 
necessitates microelectrodes that can be singularly addressed and arranged in a high-
density topography.  
This thesis provides two fabrication solutions that comply with these requirements 
and allow to manufacture highly conductive vertical platinum microelectrodes with 
high aspect-ratio.  
According to the two processes reported, the three-dimensional (3D) cores of the 
electrodes are fabricated in SU-8 or in silicon respectively. These tridimensional 
structures are successively coated by a metal layer, after a passivation step in the case 
of silicon. The planar metal connections which singularly address the free-standing 
microelectrodes are patterned differently for the two approaches, respectively by lift-
off and spray coating. Importantly, the 3D microelectrodes can be co-fabricated 
with microfluidic structures to obtain multiple active sites for single-cell analysis.  
In this thesis, in the framework of a collaboration with Ludwig Centre for Cancer 
Biology (Lausanne, Switzerland), the microelectrodes have been employed to detect 
activated T cells. 
The encouraging results pave the way to a new generation of microfluidic platform 
based on 3D microelectrodes to attain real-time and label-free monitoring of indi-
vidual T cells to employ in immunotherapy. 
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Negli ultimi decenni il crescente interesse per le analisi di singole cellule ha portato 
alla fabbricazione di un ampio numero di dispositivi microfluidici e sistemi ‘Lab-
on-a-chip’ (LOC) per la caratterizzazione di campioni cellulari. In tale contesto, 
piattaforme che non richiedono l’utilizzo di marcatori -dette ‘label-free’- si distin-
guono per essere minimamente invasive ed offrono il notevole vantaggio di ridurre 
l’alterazione del campione e di garantire il suo ri-utilizzo. 
Lo studio delle caratteristiche intrinseche delle singole cellule indipendente da mar-
catori è comunemente ottenuto attraverso tecniche elettriche e meccaniche. Tecni-
che basate su campi elettrici sono ampiamente utilizzate in applicazioni LOC sia per 
la caratterizzazione che per la manipolazione di campioni cellulari. L’applicazione 
di questi approcci a singola cellula necessita di microelettrodi che possono essere 
singolarmente contattati e disposti secondo una topografia ad alta densità. 
In questa tesi sono proposte due soluzioni di microfabbricazione che rispondono a 
questi requisiti e permettono di fabbricare microelettrodi verticali in platino alta-
mente conduttivi e ad alto aspect-ratio. 
Secondo i processi proposti, le strutture interne degli elettrodi sono rispettivamente 
fabbricate in SU-8 o in silicio. Tali strutture tridimensionali (3D) sono successiva-
mente ricoperte da uno strato metallico, dopo la loro passivazione nel caso del sili-
cio. Le connessioni metalliche planari che contattano singolarmente i microelettrodi 
sono definite in modo diverso per i due processi, rispettivamente per mezzo di tec-
niche di microfabbricazione di lift-off e spray coating. È importante inoltre osser-
vare che i microelettrodi 3D possono essere anche co-fabbricati con strutture mi-
crofluidiche al fine di ottenere siti attivi multipli per analisi di cellule singole. 
In questo studio, i microelettrodi sono stati utilizzati per individuare cellule T atti-
vate, nel contesto di una collaborazione con l’istituto oncologico Ludwig (Losanna, 
Svizzera). I promettenti risultati finora ottenuti aprono la strada ad una nuova ge-
nerazione di dispositivi microfluidici basati su microelettrodi 3D per monitorare 
singole cellule T da impiegare nel contesto dell’immunoterapia. 
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Figure 4.4: a) The sketch schematically shows the chip held in the PCB and docked onto the microscope. 
A syringe pump system provides the control of the fluid in the microchannel. b) Picture of the setup under 
the microscope.?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 4.5: A sinusoidal voltage is applied using six simultaneous frequencies (ranging from 100 kHz to 
27 MHz) to the central microelectrode (‘2’ in the cartoon). The current outputs from the outer 
microelectrodes (‘1’, ‘3’) are converted to voltage by transimpedance amplifiers (TA) and then processed 
differentially by a lock-in amplifier. The zoomed-in detail reports a sketch of the sensor in the microfluidic 
channel.???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 4.6: Typical GUI interface used for data processing. The signal represented in the dashed gray box 
(blue line) is filtered to remove noise and correct the baseline. Yellow triangles highlight the changes in 
the baseline which are identified as peaks. The line in green indicates the threshold for the peak detection. 
The noise filtered out from the signal is represented in red. The buttons on the right (violet dashed box 
in the figure) allow the user to change the parameters used for signal processing.?????????????????????????????????????????? ??
Figure 4.7: Schematic representation of the preparation of primary T lymphocytes samples. CD8+ T cells 
were purified from the spleen of laboratory animals and split in two subsets. One cell pool was activated 
with anti-CD3 and anti-CD28 antibodies, stained with anti-CD8 and anti-CD69 and then FACS sorted 
for CD69 expression. Sorted CD69+ cells were split in two and one of the subset was labelled with CFDA-
SE for fluorescence imaging (acquired simultaneously to the electrical measurements).??????????????????????????????? ??
Figure 4.8: Sketch of the sensor in the microchannel (top view) and of the signal change due to the passage 
of a single particle (cell/bead). Due to the differential configuration, the amplitude peak assumes positive 
(a) or negative sign (b) respect the signal baseline, depending on the position of the particle in the sensor 
(Gap #1/Gap #2 in the figure).?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 4.9: Raw in-phase component signals recorded at six different frequencies simultaneously. Peaks 
correspond to the passage of a single 8 μm-diameter beads in either interelectrode gaps.???????????????????????????? ??
Figure 4.10: Typical signal output for an 8 μm bead before (a) and after (b) the signal processing 
procedure. (c) Histogram of the measurement noise extracted for the in-phase component at 6MHz. Noise 
distribution is fitted by a normal density function (dashed line in red).???????????????????????????????????????????????????????????? ??
Figure 4.11: (a) Variation of noise standard deviation of the in-phase (blue) and out-of-phase component 
(yellow)  of the output signal respect frequency. (b) Variation of the ratio between the peak amplitudes of 
8 μm-diameter beads and the corresponding noise standard deviation versus frequency.????????????????????????????? ??
Figure 4.12: Variation of CV of the peak amplitudes of 8 μm-diameter beads evaluated for both in-phase 
(blue) and out-of-phase (yellow) components of the output signal recorded at six different frequencies 
simultaneously (more than 600 events).?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 4.13: Histogram of the impedance signature of 8, 10 and 15 μm beads (668, 169 and 238 events 
respectively) plotted against the in-phase component recorded at 6 MHz.??????????????????????????????????????????????????????? ??
Figure 4.14: Variation of the in-phase component at 6 MHz for the mixture beads population respect 
their volume.??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
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Figure 4.15: (a) FACS analysis of stimulated T lymphocytes during cell sorting. GatedCD69- cells are 
represented in red and the gated CD69+ population in violet. Optical microscope images of unstimulated 
(b), CD69- (c) and of the CD69+ cells (d) sorted by FACS. (Bar size 50 μm).???????????????????????????????????????????????? ??
Figure 4.16: Changes of the in-phase ad out-of-phase components generated by the passage of single 
unstimulated CD8+ T cells. The values are the measured peaks averaged over around 200 events or 1200 
events depending on the frequency. The error bars correspond to the standard deviation of the 
measurements.???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 4.17: Injections of mixture of CD69- (in grey, 313 events) and labelled CD69+ (in red, 131 events).
???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 4.18: (a) Individual injections of CD69- T cells / 10 μm beads mixtures and CD69- T cells / 10 
μm beads mixtures (yellow squares and blue circles, respectively) before correction. (b) The values of each 
population have been adjusted on both axes by subtracting the median value of the corresponding beads’ 
population. The overlap of the beads populations before and upon correction is highlighted in the 
respective insets.????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 4.19: Scatter plot corresponding to the signal peaks of single cells at frequency of 6 MHz and 
14 MHz for CD69+ cells (a), CD69+ and CD 69-cells (b) and CD69+, CD 69-and unstimulated cells (c). 
The peak values of CD69+ cells have been adjusted with respect to the beads populations. The insets 
highlight the overlap of the beads populations upon correction. c) The dashed line, representing the iso- 
contour of the Gaussian distribution, allows to visualize a 2D confidence interval, showing the 50% and 
99% confidence ellipses for the bivariate normally distributed data. This confidence ellipse defines the 
region that contains 50% (dark green) and 99% (light green) of the data.??????????????????????????????????????????????????????? ??
Figure 5.1: SEM picture shows SU-8-based 3D microelectrodes fabricated on a glass substrate and 
integrated in SU-8 microfluidic channel.???????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
Figure 5.2: SEM picture of multiple sensors in a single microfluidic channel. The SU-8 separator prevent 
cells flowing through the interelectrode gap of the two different sensors.????????????????????????????????????????????????????????? ??
Figure 5.3: (a) Schematic of the microfluidic device featuring integrated coplanar electrodes (in yellow). 
(b) Schematic of a close up view of a single trapping site combined with the sensing electrodes.?????????????? ??
Figure 5.4: (a) Schematic top view of the trap sites. The red dashed circles indicate the position that would 
be occupied by a cell in the trap sites between two round-shape pillars. According to direction of the flow 
one trap would be occupied by a cell and the other would remain empty, working as reference. The metal 
connections are represented in green and are partially buried by the SU-8 microfluidic pattern represented 
in blue. The microchannel is represented in white. According to the design proposed by Tan et al., when 
the trap is empty the flow resistance in the short channel is lower than that one in the loop channel. 
Therefore, a cell in the microchannel is carried into the trap if it is empty, while it is carried in the loop 
channel if the trap is filled. (b) SEM image of four round-shape pillars. The green circles indicate the top 
edge of the metal-coated SU-8 micropillars. (c) SEM image of the four round-shape pillars incorporated 
into the SU-8 microfluidic pattern. The green circles indicate the top edge of the metal-coated SU-8 
micropillars.????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??
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Microfluidics is a technology that permits the analysis of the sample by exploiting 
the behavior of minute volumes of liquid in microscale fluidic channels. Microflu-
idics systems gained an enormous success in life science and biomedical research 
since the reduction of scale they entail allows to attain several improvements com-
pared to macroscopic systems. In first instance, microfluidics allows to  save samples 
and reagents and permits a precise control of liquids (i.e. characterized by laminar 
flow, diffusion mixing and rapid energy dissipation [1]). The small volumes em-
ployed in microfluidics shorten reaction times and the intrinsic design versatility of 
microfluidic configurations enables high-throughput and parallel analysis. The size 
of devices itself is also reduced making microfluidic platforms portable and low-
power, hence ideal to develop point-of-care (POC) devices. A new class of POC 
systems based on microfluidics have begun to emerge in the market [2]. Commercial 
glucometers are commonly considered the archetype of a successful microfluidic 
product [3]. A glucometer takes a small drop of blood from a finger prick, transfers 
it by capillarity to an analyzing region where blood glucose is measured by a com-
bination of enzymatic and electrochemical reactions.  
A diverse array of technological developments as led to the establishment of an in-
tegrated implementation of microfluidics, denominated (LOC) technology. LOC 
platforms are miniaturized devices for integrated biological and chemical analysis 
[4]. These devices are developed using microtechnology techniques based (in an 
early phase) on silicon and using well-defined processes that have been derived from 
the microelectronics industry. Later in time also glass and quartz, whose transparent 
properties are convenient for optical inspection have also been employed together 
with polymers [5]. LOC systems rely on microfluidics to scale down and integrate 
multiple laboratory processes on the same device. In this way laboratory procedures 
can be automatized and accelerated. In addition, the possibility to process small 
volume of sample avoids the need for labor-intensive laboratory manipulation also 
reducing the risk of potential procedural errors.  
The first examples of LOC devices were employed for molecular analysis of amino 
acids [6] and in particular for sequencing DNA [7]. Successively their application 
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was extended to the analysis and the manipulation of more complex systems, such 
as living cells [8]. Cell size is commensurate with the size of microfluidic channels 
and this allows an accurate control of the sample and of the environment, granting 
high sensitivity and repeatability of the analysis. All the procedures used in cell bi-
ology of can be performed on microfluidic platforms. Namely cell culture [9], se-
lection [10], cell treatment, interrogation and biochemical analysis [11].  
Microfluidic cell assays can be performed using tissue or populations of cells or, 
alternatively, addressing cells at single level. Single-cell analysis offers the important 
advantage of avoiding information loss since some rare features of a diverse pool of 
calls can be masked when averaging the heterogeneity of cells populations. Yet im-
portantly , microfluidic technology grants the possibility to process large quantity 
of single cells ensuring high throughput analysis [12].  
Single cells interrogation through LOC platforms typically relies on label-dependent 
methods, such as fluorescence-based techniques. Despite their high informative con-
tent, these can be rather invasive and result in loss or damage of the sample [13]. In 
addition, their employment introduces an alteration of the sample, therefore affect-
ing the possibility to re-employ cells. Label-free approaches harness intrinsic prop-
erties of cells, such as size and mechanical or electrical features, to characterize them 
less invasively reducing sample alteration. The detection of changes in mass or in 
electrical properties represents indeed an important alternative to fluorescent and 
luminescent detection [11].  
The use of microfluidic systems embracing single-cell approach and label-free tech-
niques is of great interest in the context of adoptive immunotherapy, where the 
processing and characterization of immune cells to reemploy therapeutically should 
characterize at high resolution the heterogeneity of the sample and avoid critical 
modifications of cells samples.  
??????????????????????????????????????????
The objective of the work reported in this thesis was to design and develop a label-
free microflow cytometer for electrical impedance measurements. The main goal is 
to propose a microfabrication technology allowing to realize 3D microelectrodes 
either free-standing or integrated in channel sidewalls. Two different approaches are 
presented, each offering peculiar advantages but both notable for their high design 
flexibility and versatility. The successive objective is to demonstrate the functional-
ity of the 3D microelectrodes as a non-invasive platform for the analysis for the 
detection of activated T lymphocytes in flow. 
This thesis is divided in five chapters organized as follows. 
 ?
?
??
Chapter 1 introduces the impedance spectroscopy as a method for the characteriza-
tion of materials and their interface. It presents the basic definitions and the funda-
mentals of impedance-based approaches, as well as the current state of art of imped-
ance-based chip solutions for cell analysis.   
Chapter 2 and Chapter 3 present, respectively, two different fabrication processes 
for the generation of arrays of micropillar electrodes. The ones described in Chapter 
2 are based on the conformal coating of 3D SU-8 structures with metal layers. This 
approach allows to define vertical electrodes in microfluidic channels having high 
aspect ratio and uniform coating of the vertical sidewalls.  In Chapter 3, the fabri-
cation of microelectrodes consisting of metal-coated pillars etched into silicon and 
decoupled from the substrate by means of a passivation layer is described.  
Chapter 4 provides, at first, a brief introduction on the biology of T cells and adop-
tive immunotherapy and includes a review of the current techniques to attain the 
label-free detection of activated T cells on microfluidic chip. In addition, we present 
the employment of silicon-based 3D microelectrodes for in-flow label-free and sin-
gle-cell detection of in vitro activated T lymphocytes. The results obtained from the 
electrical measurements of primary CD8+ lymphocytes activated through mitogenic 
stimulation support the possibility of using impedance to assess single T cell activa-
tion in label-free to characterize cells to employ in personalized immunotherapy.  
Finally, Chapter 5 presents the summary of this research work and provides an out-
look of the future work for the continuation of the project. 
 
  
 ?
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Impedance spectroscopy (IS) is a monitoring method for characterizing the electri-
cal properties of materials and their interfaces [14]. IS has been widely studied and 
has become an established technology used in various applications in the biomedical 
field. As a non-invasive and label-free technique, IS is suitable for studying living 
biological cells and providing quantitative information about their dielectric prop-
erties. 
This chapter presents basic definitions and knowledge of impedance theory and the 
current state of art of impedance-based chip solutions for cell analytics. 
?????????????? ??? ??????????? ?????????? ????????????? ???????
??????????? ???????
???????????????????????????
Impedance spectroscopy (IS) involves applying an AC electric signal of small ampli-
tude, a known voltage or current signal, between two electrodes and evaluating the 
response over a wide range of frequencies.  
A sinusoidal voltage of small amplitude, v(t)= Vm sin(?t), applied to a linear system, 
generates a current of identical frequency: i(t)= Im sin(?t??). The radial frequency 
? is related to the applied AC frequency f (in Hz) as: ?=2πf (rad⋅s-1), where ? is the 
phase shift between the voltage v and the current i; it is zero for a pure resistive 
impedance, and f is the frequency of stimulation. 
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 Analogous to Ohm’s law extended to the AC electric field, the complex impedance 
of the system is calculated as the ratio between the voltage and the current; it is 
expressed as: 
 
 
????? ? ?????????? ?
Equation 1.1 
where j= ??. As a complex number, it can be plotted in a planar vector and iden-
tified with both rectangular coordinates, as a combination of real (in-phase) ???? 
and imaginary (out-of-phase) ???? (Figure 1.1): 
 
? ? ????? ? ????? 
where: 
???? ? ??? ? ? ? ???????
and 
???? ? ??? ? ? ? ???????
Equations 1.2 
and polar coordinates, as a combination of modulus ( ? ) and phase(?):  
 
? ? ? ? ??? 
Figure 1.1: Graphical representation of impedance on complex-plane plot?
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where: 
? ? ????? ? ????? 
and 
? ? ????? ????????  
Equation 1.3 
The real part of the impedance demonstrates the ability of a circuit to resist the 
current flow, while the imaginary part reflects the circuit’s ability to store electrical 
energy.  
In the simplest case, for two parallel plate electrodes of cross-sectional area A and 
distance d, separated by the material to study (as shown in Figure 1.2) these prop-
erties are given by:  
 
? ? ρ? ?? ??????????????????? ? ε?ε??
?
??
Equation 1.4 
and the real and imaginary components are expressed as: 
??? ? ???????????????????? ? ?
?
???
Figure 1.2: Simplified model of parallel plate electrodes separated by a material to study.?
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Table 1.1: Ideal circuit elements most commonly used in IS models 
?????????? ??????????????????? ??????????
????????? ?????? ??
?????????? ????????? ????? ??????
????????? ??????????????? ????
??????????????????????? ?????????? ????????
 
ρ (Ω⋅cm) and εr are the electrical resistivity and the relative permittivity of the ma-
terial, respectively, and ε0 is the vacuum permittivity (8.85⋅10-14 F/cm). 
???????????????????????????????????????????????????????
In the framework of impedance spectroscopy, data are analyzed by means of a math-
ematical model based on an equivalent electrical circuit whose equivalent impedance 
fits the experimental data over frequency  [14]. There are several possible approaches 
for fitting the impedance spectra, but the most widely used is the Complex nonlinear 
least squares fitting method, which is available in shared software versions (such as 
LEVM) or commercial software packages (for example, ZView, ZSimpWin) [15]. 
Circuit elements of the electrical model include standard ideal electrical elements 
such as resistors, capacitors, and inductors. Equivalent circuits should be chosen on 
the basis of the knowledge of the physical nature and physical phenomena of the 
system. They are then fit with the experimental data in an attempt to represent the 
electrical behavior of an object through electrical lumped elements.  
However, the ideal circuit elements are not always adequate to describe the imped-
ance response of a system. For this reason, distributed circuit elements, such as the 
constant phase element (CPE), and the Warburg diffusion impedance, have been 
introduced, in addition to the ideal ones[16]. These make it possible to represent 
the non-ideal nature of the equivalent electric circuit models. In the context of IS-
based biosensors, Warburg resistance is considered only in faradaic IS. These sensors 
can be distinguished in faradaic and non-faradaic IS. Specifically, faradaic process 
includes the transfer of charges across the electrode interface. The transfer of an 
electron to and from the electrode alternatively oxidizes and reduces a redox species. 
Therefore, in order to avoid depletion of the metal electrode, the faradic IS requires 
a redox-active species and a DC bias [17]. On the contrary, non-faradaic IS – the 
focus of the present thesis – do not require additional species and bias signals.  The 
most commonly used ideal and non-ideal circuits elements are listed in Table 1.1. 
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In the next section we consider the circuit elements used to fit impedance results 
described in this thesis. 
?
????????????????????????????????????????????????????????
 An electrode in contact with a surrounding electrolyte solution forms a specific 
interfacial region called an electrochemical double layer (EDL). The EDL is a con-
sequence of the distribution of ions and of charged species across the electrode–
electrolyte interface [18]. Figure 1.3 provides a simplified model of the double layer 
at the electrode surfaces. For positively charged electrode, a monolayer of specifically 
absorbed ions forms on the electrode interface. The position of the electrical centers 
of these ions is called the inner Helmholtz plane (IHP). The second layer, the outer 
Helmholtz plane (OHP), is formed by non-specifically absorbed ions that move in 
the solution and interact only through purely electrostatic forces. The IHP and the 
OHP form the Stern layer. From the OHP, the diffuse layer extends to the bulk 
solution [19]. The thickness of the double layer can be defined as the distance of 
the electrode surface from the external boundary of the diffuse layer, where the po-
tential (?) becomes equal to the potential of the bulk solution. The potential drop 
across the EDL establishes the double layer capacitance, CDL. The CDL can be con-
sidered to arise from the contribution of the capacitances of the Stern layer (CStern) 
Figure 1.3: Schematic representation of Stern model of electrical double layer at metal-electrolyte inter-
face. The inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP) are shown with the Stern and 
diffuse layers. The IHP refers to the distance of specifically adsorbed ions on the electrode surface. The 
OHP refers to the distance of the solvate ions, non-specifically adsorbed. The separation between the
different charges results in a potential drop across the Helmotz planes establishing a double layer capacitor. 
Adapted from ????. 
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and the diffuse layer (CDiffuse) and is expressed as:   
 
?
??? ? ?
?
?????? ?
?
???????? ?
Equation 1.5 
The CStern is usually considered a constant (?1-60 μF/cm2) for different solutions, 
while the CDiffuse is dependent on electrochemical potential and concentration of 
electrolytes. CDiffuse increases for higher applied voltage and higher concentrations of 
charged species [16].  
The inhomogeneity, the roughness, the edge orientation, the porosity, the thickness, 
and the conductivity variability of the electrode surface are often causes of non-
idealities and can lead to frequency-dependent effects. For this reason, the double 
layer capacitance is far from an ideal capacitor and serves as a CPE. The impedance 
of CPE is expressed as:  
  
 
???? ? ?
?
?????? 
Equation 1.6 
Where ? ? ?? and ? is a constant that can assume values between 0 and 1. Q is 
expressed in (?-1·s?) and represents the interfacial charging by surface and electro-
active species [16]. For ?=0, ZCPE describes an impedance response of a pure resistor 
(Q=1/R); for ?=1, ZCPE describes an impedance response of a pure capacitor (Q=C).  
The EDL typically dominates the impedance response at low frequency. This effect 
can be reduced by increasing the value of the Q. For this purpose – that is, for what 
concerns the application of IS-based biosensors – mathematical corrections and spe-
cial electrode fabrication methods, such as platinum black or porous film, have been 
proposed in order to increase the effective area of electrodes and thus reduce the 
impedance of the CPE [20]. A layer of platinum black can be electrodeposited on 
the electrodes upon their fabrication [21]. This treatment has been shown to reduce 
the electrode impedance by a factor greater than 100 [22].  
The bulk solution is represented by specific parameters in the model, distinguished 
from the interface parameters. In aqueous systems, the conductance of ions in the 
bulk is typically modeled as a simple resistor that represents the resistance of the 
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solution (RSOL), defined as in Equation 1.4-1.  
In a first approximation, the most common model, which is used to fit the imped-
ance response of non-faradaic IS biosensor, includes both a CPE and a RSOL in series 
as shown in Figure 1.4.  
 
?????????????????????????? ????????????????????????????????????
 A biological cell is a heterogeneous system composed of a plasma membrane sur-
rounding the internal cytoplasm (see Figure 1.5a) . The plasma membrane consists 
of a lipid bilayer containing proteins. Due to its ionic permeability it can be con-
sidered as an insulating thin shell [23]. On the other hand, the cytoplasm is assumed 
to be a homogeneous phase and it can be modeled as a conductive sphere. This 
model, known as “single-shell” model, is derived by Maxwell’s mixture theory [24] 
and is the simplest model for describing the dielectric properties of single cells in 
suspension. In order to simplify the analysis of the system, an equivalent electrical 
circuit can be used to represent a cell in suspension, as shown in Figure 1.6a. The 
resistance of the electrolyte (Rsol) is in parallel with the series of the capacitance of 
the plasma membrane (Cmem) and the resistance of the cell cytoplasm (Rcyt)  [25]. 
When a low-frequency AC electric field is applied, charges accumulate at the inter-
face of the insulating cell membrane and the medium, causing the cells to become 
polarized. The membrane insulating properties make the cell appear to be an insu-
lating sphere that decreases the conductivity of the medium. As the frequency in-
creases, the plasma membrane polarization decreases; this effect is known as ?-dis-
persion or dielectric relaxation [26]. The plasma membrane becomes more conduc-
tive and its short-circuiting effect generates a current inside the cell. Impedance 
spectroscopy in this frequency range may provide information about the electrical 
properties of the plasma membrane. For higher frequencies, the polarization of the 
plasma membrane is almost absent. Thus, the plasma membrane becomes com-
pletely transparent to the current that penetrates the cell interior, providing infor-
mation about the cytoplasmic conductivity [25], [27]–[29]. The ratio between the 
impedance acquired at high and low frequencies is known as “opacity”  [30], which 
can be used to normalize the data with respect to the size of the cell and its position. 
Figure 1.4??Equivalent circuit model for a non-faradaic IS biosensor.
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Gawad et al. [31] used simulation to demonstrate that the opacity is almost unaf-
fected by the size and the position of cells with respect to the sensing electrodes, but 
it carries information about cell structure. 
The simplified reported model is used to interpret single-cell impedance measure-
ments [27], [22], [32]–[34] (described in the next sections). This model is obviously 
an approximation and, in certain cases, such as cell electroporation and cell lysis 
[35], more accurate equivalent circuit models including cell membrane conductance 
and cytoplasmic capacitance are required (Figure 1.6b).  
A multi-shell model can also be used in order to consider other phenomena of die-
lectric dispersions inside the cell, such as those due to organelles and membranous 
structures of the cytoplasm [23]. Double-shell models Figure 1.5b have been applied 
to study lymphocytes [27], and yeast cells [36], also including vesicles for studying 
bacteria [37].  
??????????????????????????????????????????? ?????????????
In the 1910s, Höber detected the presence of the cell membrane by means of im-
pedance-based techniques [38]. Later on, Fricke [39]–[41] and Cole [42], [43] in-
vestigated different cellular systems in suspension. Cole used Maxwell’s equations 
to derive the complex impedance of a single-shelled cell in suspension [44], [45] In 
Figure 1.5: Modelling of a cell by means of: (a) a single-shell model, including cell membrane and cyto-
plasm and (b) a double-shell model including cell membrane, cell cytoplasm and nucleus. ?
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1937, Cole and Curtis performed, for the first time, a measurement of a single Ni-
tella cell, using two electrodes embedded in a groove in which the cell was placed. 
Schwan [26] later identified the three major dielectric dispersions for a biological 
cell in suspension.  
Since then, extensive research has been carried out thanks to the advancement of 
the technology. The development of new and more sophisticated electrical moni-
toring systems based on microfabrication has allowed for high-throughput pro-
cessing and reduced sample consumption. Thanks to microfabrication methods, 
electrodes can be miniaturized and integrated in microfluidic devices with faster and 
more accurate analysis and more efficient solutions for the investigation and the 
manipulation of the sample.  
Cell samples can be investigated either in culture – obtaining information about the 
overall population – or at the single-cell level, in order to overcome the cellular 
heterogeneity. In the first case, cells are grown on electrodes; in the second case, 
cells typically flow in microchannels or are immobilized by a single trap in the sens-
ing region. Both methods offer different kinds of information and different instru-
ments of analysis and are described in more detail in the following sections. 
Figure 1.6: Electrical model for a single cell suspended in a sensing region defined by the microelectrodes 
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Giaever and Keese were the first to demonstrate how electrical impedance spectros-
copy can be applied for monitoring cellular functions in [46]. In their study, mam-
malian fibroblasts were grown on small gold electrodes (2 cm2 counter electrode 
(CE) and 3·10-4 cm2 working electrodes (WE)) evaporated on the bottom surface of 
a polystyrene culture dish and exposed to small AC electric fields [47], (Figure 1.7). 
The impedance of the system, measured over time at 4 kHz by a lock-in amplifier, 
was determined by the presence of the cells on top of the WE. In particular, the 
attachment and the spreading of cells on the electrodes surface alters the sensing 
area, causing an increase in the impedance of the overall system. This is a conse-
quence of the fact that cells at low frequency behave essentially like insulating par-
ticles, because of their plasma membrane, and impede current flow between the 
electrodes, thereby increasing the impedance of the system. During cultivation of 
cells, fluctuations of the impedance response were observed. Larger cell density de-
creased the amplitude of the fluctuations, which were interpreted as the result of 
the motion of individual cells on top of the electrodes. During experiments, micro-
scopic observation of the cell sample demonstrated that cells were not affected by 
the presence of the electrodes or by the electric fields. 
The same authors described the idea of the measurements in greater detail in subse-
quent studies. They presented an interpretation and the formulation of the experi-
mental observations and how to extract relevant parameters from the electrical signal 
Figure 1.7: Schematic of the typical ECIS setup. A small AC signal is applied between the WE and CE.
A series resistance provides a constant current that makes the voltage measured by the lock-in proportional 
to the impedance of the system. WE typically has a smaller surface than the CE to ensure the impedance
measurement is dominated by the cell layer on the WE; otherwise, the impedance of the medium bulk
would screen the contribution of the interface. 
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with its associated model [48], [49]. This measurement method became known as 
electrical cell-substrate impedance sensing (ECIS); Ehret et al. later employed this 
technique using interdigitated electrode structures (IDES) [50] (Figure 1.8a). In 
this case, cells are grown on symmetrical comb-shaped interdigitated electrodes on 
non-conductive substrate [51], [52]. 
Microfabrication has led to further variations of electrodes design being proposed 
to harness the ECIS potential as in the case of microelectrode arrays featuring mul-
tiple WEs that share the same larger CE electrode (Figure 1.8b). This configuration 
can be even adapted to address single-cell analysis. Indeed, WEs with an appropriate 
size can host single-cells revealing the heterogeneity of cells that is concealed within 
cell population. In [53] the authors demonstrated that impedance monitoring tech-
nique is suitable and sensitive enough to detect cellular responses at the single-cell 
level. 
Thanks to the simplicity of ECIS enabling label-free and real-time analysis, and its 
compatibility with microfabrication technology, several ECIS systems have been de-
veloped as on-chip devices, for different biological applications, such as cell viability 
[54], [55], adhesion [56], migration [57], [58], cytotoxicity [59], [60], apoptosis 
[61], [62], cell-cell interactions [63] and functionality in response to biochemical 
stimulations [64], [65].  
Moreover, commercial products that are currently on the market include the ECIS 
system from Applied BioPhysics, xCelligence from ACEA Biosciences-Roche, the 
Cellkey system from Molecular Device, and the Bionas Discovery 2500 system by 
Bionas. All of these systems are impedance-based label-free cellular assay platforms 
that record the impedance shifts related to changes in morphology, adherence, and 
Figure 1.8: Representation of two widely employed electrode configurations for ECIS: (a) interdigitate 
electrodes and (b) electrode array 
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cell numbers. The xCelligence system also offers the possibility to perform inva-
sion/migration assays integrating a microporous membrane, such as those per-
formed in a Boyden chamber [66].  
?????????????????????????????????
 In 1953, Wallace H. Coulter radically transformed the field of blood tests in clin-
ical laboratory by presenting the first flow cytometer [67]. The so-called Coulter 
principle is schematically represented in Figure 1.9. It relies on measurement of the 
change of electrical current generated by an individual particle passing through a 
small aperture separating two reservoirs. Particles are suspended in an electrolyte 
solution and each reservoir hosts an electrode for measurements. A DC or a low-
frequency voltage is applied between the pair of electrodes. The passage of a particle 
through the aperture causes a displacement of the conductive solution and reduces 
the current flowing between the electrodes. The measurement of the current pro-
vides information about the number of particles flowing through the system and 
about their volume. Indeed, as a particle passes through the aperture, it induces a 
change in current that is proportional to the amount of liquid displaced. 
The Coulter counter was rapidly commercialized and became an established tool in 
clinical and research laboratories thanks to its simplicity and the high sensitivity 
[68]. Moreover, portable and automated instrumentation was recently proposed by 
Merck Millipore (Scepter™ 2.0 Cell Counter). This system employs the Coulter prin-
ciple in a handheld pipette-like format and is intended for research use.  
In recent decades numerous miniaturized versions of Coulter counter have been 
Figure 1.9: Schematic representation of Coulter principle.?
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proposed by different research groups. In the 1990s, the first micro-Coulter coun-
ters were proposed by Larsen et al. [69] and Koch [70]. Other research groups then 
introduced further designs, all mostly based on a microfabricated aperture separat-
ing a pair of microelectrodes. Satake et al. [71] utilized a silicon substrate featuring 
a microchannel with an aperture and platinum microelectrodes, as shown in Figure 
1.10a, to measure polystyrene beads and red blood cells. Saleh and Sohn measured 
smaller particles, such as colloids ranging from 190 to 640 nm [72], single DNA 
molecules and antibody binding into nano beads [73]. In both publications, they 
patterned platinum electrodes across two reservoirs connected by a pore of 
5.1×1.5×1 μm3  (Figure 1.10b). The reservoirs and the pore were previously ob-
tained by etching a quartz substrate. Similarly, other groups used innovative and 
more sophisticated technology to measure nano-scale particles, including DNA 
[74], [75], viruses [76], and pollen [77].  
With the aim of improving the sensitivity and address the issue of channel clogging 
in micro-Coulter counters, ??????????? et al. presented a device with a dynamic 
liquid aperture [78]. This made it possible to adapt the size of the aperture to the 
size of the particles. The authors defined the aperture by a non-conductive sheath 
liquid that surrounded the conductive sample liquid on three sides (Figure 1.11a). 
In this way, the size of the aperture can be controlled by changing the flow-rates of 
the sample liquid and the sheath liquid. Figure 1.11b shows that a stable sheath flow 
is formed and the Coulter aperture can be varied over a large range. Since the phys-
ical dimensions of the channel remains much larger than the Coulter aperture, this 
method also makes it possible to prevent channel clogging. Similarly, Rodriguez-
Trujillo et al. used coplanar microelectrodes in a PDMS channel with a hydrody-
namic focusing to define an adjustable aperture in two dimensions [79]. The authors 
increased the detection speed and further characterized the device, revealing its po-
tentiality and versatility. They analyzed 20 μm polystyrene beads as well as yeast 
cells of 5 μm diameter.    
Figure 1.10: Scanning electron microscope images of micro Coulter counters from (a) Satake et al. [71] 
and (b) Saleh and Sohn [72]. A pair of electrodes are separated by an aperture obtained on a silicon (a) 
and on a glass substrate (b). 
CHAPTER 1 | 
?
?
???
The throughput of micro-Coulter counters can be improved fabricating multi-ap-
ertures, as suggested by Zhe et al. [77]. The developed device consists of a common 
electrode placed in a shared reservoir at the entrance of the microchannels and four 
central electrodes fabricated at the center of each microchannel (Figure 1.12a). The 
design of electrodes reduces the crosstalk between each pair of electrodes, which 
enables multiple channels in a single device. With the same of improving the count-
ing efficiency, Jagtiani et al. [80], [81] proposed an alternative design fabricating a 
multi-aperture Coulter counter, as shown in Figure 1.12b. 
As seen so far, Coulter counters are based on DC or low-frequency measurements 
that only provide information about the number and size of cells, thus limiting their 
use. The extension of the Coulter principle employing higher frequencies makes it 
possible to obtain information about other properties of cells, such as their mem-
brane and internal composition [58]. Moreover, it solves the problems associated 
with DC sensing with microelectrodes, such as the significant loss of metal elec-
trodes due to redox reactions at the electrode interfaces. An example is the work 
proposed by Zheng et al., who measured human blood cells at 10 kHz comparing 
the performance of the device to a conventional counter [21]. Mernier et al. used 
Figure 1.11:. (a) Dynamic controllable Coulter aperture ; (b) Experimental demonstration of the stable
sheath flows and of the Coulter aperture achieved. [78]?
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AC signals in order to count and differentiate living and dead yeast cells. They in-
tegrated the electrodes arranged in a Coulter counter configuration with a lysis re-
gion (based on AC electric field effect) [82] and, in another study, with a sorting 
region (based on dielectrophoretic separation) [83].  
Microcytometry based on AC signals attracted a great deal of interest and led to the 
evolution of the micro-Coulter devices in impedance-based microcytometers; these 
are described in more detail in the next section. 
??????????? ???????????????????????
?????????????????????????????????????
 Impedance-based microfluidic cytometry can be considered as an evolution of the 
Coulter microcounter. In this case, AC fields are applied at multiple frequencies to 
study particles and determine their dielectric properties. The design of the electrodes 
plays an important role in this technique as well as in others such as dielectropho-
resis and electro-manipulation. The simplest electrode configuration typically con-
sists of planar electrodes that are deposited on the bottom of microfluidic channels 
(see Figure 1.13). 
Figure 1.12: (a) [77] Schematic top view of four-channel device based on Coulter counting principle. 
The device has a common electrode at the entrance of the microchannel and four central electrodes
fabricated at the centre of each microchannel; (b) [80] Schematic top view of a multi-aperture Coulter
counter for micro particle detection. A polymer membrane with a single microaperture separates each
peripheral reservoir and central reservoir.?
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Gawad et al. was the first to propose a coplanar microelectrodes design [22] which 
was later adapted by other research groups [79], [84]–[87]. The device featured 
three platinum electrodes patterned at the bottom of the channel. A two-frequency 
impedance signal was acquired differentially from the external electrodes (named A 
and C in Figure 1.14a) by applying the stimulation voltage at the central one. The 
Figure 1.14: (a) Side view of a particle passing over coplanar electrodes in a microfluidic channel, b) 
Impedance signal over time. As the impedance is measured differentially the passage of the particle pro-
duces both a positive and a negative peak. The time separating the two peaks and the distance between
the two electrodes allow to evaluate the speed of the particle in the sensing region. ( a) and b) adapted by
[22]).?
Figure 1.13: Sketch of coplanar microelectrodes configuration
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authors successfully characterized and differentiated 5 and 8 μm latex beads, eryth-
rocytes, and erythrocytes ghost cells (that is, dead cells where the outline remains 
visible). Differential measurement makes it possible to increase the dynamic range 
and reject the common-mode signals [88]. In this electrode configuration, cells 
passed consecutively through the two segments of the channel, allowing the deter-
mination of the speed of the particle (Figure 1.14b). Similarly, Benazzi et al. [89] 
applied the same electrode design, but used four electrodes on the bottom of the 
channel instead of three, as shown in Figure 1.14c. Various coplanar electrodes de-
signs have been used for the discrimination of cell disease state, such as the detection 
of cells infected  by parasites, as in the case of the detection of Babesia bovis [90] 
and Plasmodium falciparum [91]. 
Despite the simplicity of fabrication, coplanar design leads to a non-homogeneous 
electric field distribution on the channel height. Hence, particles flowing in the 
channel at different heights experience different electric field and, consequently, 
different impedance signals. The need for positioning particles in the sensing vol-
ume is addressed by particle focusing techniques that inevitably make the system 
more complex [79], [84], [92]. This necessitates technological solutions that make 
it possible to apply electrical signals homogenously across the full channel height. 
Better results can be achieved by placing the electrodes so that they face each other. 
Such an arrangement means that the induced field lines exhibit better linearity in 
between the electrodes, which makes it possible to achieve improved field homoge-
neity throughout the channel. Sun et al. used numerical simulation of the electric 
field distribution verifying analytical expressions to demonstrate that, for the same 
geometrical features, parallel facing electrodes configuration is more sensitive than 
Figure 1.15: Schematic view and cross-section views of electrical field distribution for two different elec-
trodes configuration: (a) coplanar and (b) facing electrodes. Adapted by [95]. 
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the coplanar electrode one [93]. This result was also demonstrated by Bürgel et al. 
[94] who showed a lower sensitivity and precision with coplanar electrodes config-
uration. Figure 1.15 shows the electrical field distribution for coplanar and facing 
electrodes simulated by Wang et al. [95]. The authors showed that the electrical 
field concentrates at the bottom of the channel, where it is approximately three 
times higher than in the top part (Figure 1.15a). Unlike when facing microelec-
trodes, the electric field distributes uniformly along the height of the channel (Fig-
ure 1.15b).
In order to attain a uniform electric field distribution, electrodes can either be 
placed at the top and bottom of a chamber (Figure 1.16a), or they can be fabricated 
parallel to the channel's sidewalls (Figure 1.16b). The first solution has been exten-
sively exploited by different authors and for different applications. Differential 
measurements are usually preferred for planar electrodes as well. One of the first 
examples of planar facing electrodes for impedance employed in impedance micro-
fluidic cytometry was presented by Cheung et al. [32]. They fabricated an imped-
ance microcytometer featuring platinum electrodes on a float glass substrate. Figure 
1.17a shows the standard measurement configuration for planar facing electrodes: a 
pair of electrodes is fabricated separately on the top and on the bottom of the mi-
crofluidic channel; a stimulus voltage is applied on the electrodes on a side and the 
current is measured differentially from the electrodes in front. Authors tested the 
device (shown in Figure 1.17b) measuring polystyrene beads of different sizes, red 
blood cells, ghost, and red blood cells fixed in glutaraldehyde at different frequen-
cies. The authors showed that red blood cells and fixed cell could be differentiated 
using opacity (1.1.3). Schade-Kampmann et al. used a similar system to discriminate 
various types of cells and cell viability [96]. Similar systems were also used to ana-
lyzed lymphocytes [97]–[99] platelets [100], tumor cells [101] and smaller samples 
as yeast cells [102], [103] and bacteria [104]. 
In all of the above-mentioned examples using parallel facing microelectrodes con-
figuration, the top and bottom electrodes must be fabricated separately on two sub-
strates that must then be aligned and bonded together. Also, the packaging of such 
Figure 1.16 Sketch of the possible configurations of facing electrodes in a microfluidic channel: (a) planar 
facing electrodes, and (b) vertical facing electrodes. 
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devices is critical, since the electrical contacts of the chips face one another, making 
it impossible to simply use wire-bonding.  
Along this line, vertical electrodes (Figure 1.16b) represent an ideal solution to in-
crease the efficiency of lab-on-a-chip applications, especially when working with 
high microfluidic channels. In this case, the electrodes are placed parallel to the 
sidewalls and are fabricated and connected on the same substrate. These electrodes 
have been fabricated by such methods as etching microfluidic channels into highly 
doped silicon [105]. Another approach involves obtaining so-called “vertical liquid 
electrodes” on the channel sidewalls by electric current injections in the channel by 
planar electrodes in dead-end chambers placed perpendicular to the main flow [106] 
(Figure 1.18a). Sidewall electrodes can also be obtained by combining wet etching 
and metal deposition in order to develop elliptic-like channels with electrodes on 
their internal surfaces [107]. Furthermore, electrodes were fabricated from polymers 
such as PDMS that turned conductive by mixing them with metal ions [108] such 
as gold or silver [109], [110], with carbon black particles [111] or with single and 
multiwall carbon nanotubes[112].  
In the two outlined solutions for realizing facing electrodes (planar facing and ver-
tical facing configuration), the electrode distance is determined either by the chan-
nel width or height. The advantage of freestanding electrodes is that electrode gaps 
can be designed with more flexibility. This additional degree of freedom makes it 
possible to design smaller gaps, leading to higher field strength, and to arrange them 
in a way that reduces the electric crosstalk.  
Freestanding pillar electrodes in microfluidic channels will obviously introduce ad-
ditional flow resistance and lead to flow disturbances that could be critical for some 
Figure 1.17: (a) Differential impedance measurement scheme used with planar facing electrodes configu-
ration. An AC signal is applied at top electrodes. An impedance change is detected when a cell pass
through the detection volume. Modified by [93]. (b) Image of the device, modified by [32].?
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applications. Nevertheless, freestanding pillar electrodes might also be integrated 
into channel sidewalls [113], if necessary, in order to avoid flow disturbances caused 
by the pillars.  
Although freestanding pillar electrodes offer advantages for electrical-based tech-
niques, their implementation entails specific fabrication challenges. Different pro-
cesses for such structures have been proposed. Electroplating has been used to realize 
pillar electrodes consisting of metals [114] or conductive polymers [115]. 3D carbon 
structures have been realized by patterning thick photoresist that was subsequently 
turned into conductive carbon structures (C-MEMS) by means of pyrolysis [116] 
(Figure 1.18b). Freestanding carbon structures have also been fabricated by replica 
molding of carbon black particles into microfluidic devices [117]. 3D MEAs have 
been fabricated by a method that combines sputtering, laser-scribing, and electro-
plating [118]. 
All of the above-mentioned technologies have drawbacks. In the case of electroplat-
ing, process parameters must be accurately controlled in order to achieve good sur-
face properties of the structures. Moreover, the geometry of the structures also has 
an influence on their surface properties, resulting in design constraints. In cases 
where electroplating is used in conjunction with laser-scribing, the same problems 
and restrictions arise regarding the additional fabrication complexity, making it a 
time-consuming and expensive technology. C-MEMS are a cost-effective alternative 
to the above-mentioned technologies, but the resulting carbon structures have a 
conductivity that is some orders of magnitude lower than similar metal structures. 
Furthermore, the shrinkage of the precursor during the pyrolysis step must be taken 
into consideration during the design phase and also limits the types of shapes that 
can be obtained. Moreover, the shrinkage observed during pyrolysis almost does not 
affect the bottom of the pillars where they adhere on the substrate. For this reason, 
Figure 1.18: (a) 3D schematic of the liquid electrodes approach. Large metal electrodes are deposited on 
the bottom of the secondary channels perpendicular to the main channel. Liquid electrodes refer to the
equipotential surfaces at the junctions of the lateral and the main channels. (b) SEM image of C-MEMS 
electrodes with underneath carbon contacts. [116] 
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the pillars have an original diameter close to the substrate and then shrink with 
height, making it difficult – especially for smaller pillars – to achieve uniform gap 
widths over the full channel height. 
With replica molding of carbon black particles, on the other hand, the resolution 
and design restrictions correspond to the ones related to the fabrication of the mi-
cro-mold masters. The main drawback of this technology is the high resistivity of 
the electrodes, which are made from a mixture of PDMS and carbon black particles. 
The two following chapters present two new fabrication approaches for achieving 
3D free-standing microelectrodes while overcoming the drawbacks of existing solu-
tion described above. 
 
 
 
 ?
 ?
?
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???????????????????
??????????????????
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This chapter presents a fabrication process for arrays of high aspect-ratio micropillar 
electrodes. The micropillar electrodes are based on a conformal metal coating of 3D 
SU-8 structures, defining vertical electrodes in microfluidic channels with high as-
pect ratio and uniform coating of the vertical sidewalls. In order to accomplish the 
adhesion of the metal layers to the SU-8 micropillars, we define the most suitable 
formulation by investigating the role of different SU-8 post-processing steps. The 
development of the SU-8 structures is shown both on silicon and glass substrates. 
The presented strategy makes it possible to achieve a high density of singularly elec-
trically connected structures, leveraging the additive SU-8 fabrication process. In 
particular, high density of connections is achieved by first patterning of the connec-
tion lines by lift-off and then defining the 3D SU-8 topography. 
Standard resistive and impedance measurements show high conductivity of the 
structures whose fabrication process grants standard photolithographic resolution 
in the definition of the electrode features. The vertical electrodes are integrated into 
microfluidic channels, showing that it is possible to achieve electrodes that span the 
full height of the channel.
 
????????????? ??? ??? ??????????? ??????????? ??? ?????????????
????????????
As discussed in section 1.3.1 facing vertical electrodes are considered to be a key 
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solution in microdevice technologies, as they are able to improve the efficiency and 
accuracy of electrical methods by generating homogeneous electric fields along the 
height of microfluidic channels. Despite the acknowledged advantages of using ver-
tical microelectrodes, current microfabrication technologies do not allow the reali-
zation of such structures with the same resolution and versatility of planar elec-
trodes. 
We propose a solution that achieves vertical high-conductive electrodes based on 
SU-8 photolithography, standard thin-film deposition, and patterning techniques, 
which enables the simultaneous integration of 3D microelectrodes and micro-chan-
nels. SU-8 is an inexpensive material that is used to fabricate structures that have 
high-aspect[119] and gap ratios [120] and offers good chemical resistance [119]–
[121]. In addition, SU-8 enables high resolution patterning [120], [121] and it re-
sults in structures with straight and smooth sidewalls [119], [121]. Despite these 
advantages, SU-8 requires additional processing to obtain functional electrodes due 
to its insulating properties. Mixing silver nanoparticles into the SU-8 [122] or turn-
ing it into carbon structures using the above-mentioned C-MEMS process [116] 
have been proposed, although both approaches lead to a much lower conductivity 
than that of metal.  
????????????????????? ????????????????? ????????????
A 50 μm-thick SU-8 (Gersteltec GM 1070) layer is applied by spin coating A 50 μm-
Figure 2.1: Schematic of the proposed fabrication processes for free-standing pillar electrodes. The pat-
terning of connection lines by means of lift-off are illustrated. Planar connection lines are patterned by
lift-off (a) and SU-8 pillars are patterned on top of the wires (b). The electrodes are covered with a metal 
film by metal sputtering (c) and the metal on horizontal surfaces is etched away by means of dry etching
(d). 
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thick SU-8 (Gersteltec GM 1070) layer is applied by spin coating at 1600 rpm, with 
a soft-bake performed at 90 °C for 5 min and a UV exposure at a dose of 
400 mJ/cm2 (Karl Süss MJB 4). A post-exposure bake at 90 °C for 30 min is then 
performed to catalyze cross-linking, followed by development in propylene-glycol-
monomethyl-ether-acetate (PGMEA). Finally, the SU-8 is hard-baked at 135 °C for 
2 h in order to improve the adhesion of the metal layer (Figure 2.1b). The SU-8 
surface is then activated by oxygen plasma (Tepla 300, 400 ml/min O2, 500 W, 
30 s) and metallized. Metallization is performed by sputter coating (Alliance Con-
cept DP 650), resulting in the ions hitting the target with a random incident angle 
upon colliding with the sputtering gas (Figure 2.1c). The sputtering is performed 
with a distance of 80 mm between the target and the wafer, without rotation of the 
latter. Argon plasma pressure is 5·10-3 mbar and DC power is 400 W for Ti and 
250 W for Pt. 20 nm of Ti are deposited at an average rate of 3.1 Ås-1 and 200 nm 
of Pt at 6.7 Ås-1 (Figure 2.1c). 
The adhesion of the metal to the SU-8 pillars is a critical feature of the process. We 
found that adhesion was more critical for bigger structures than for small ones, es-
pecially without hard-baking of the SU-8. On our test structures, adhesion was im-
proved by both hard-baking and oxygen plasma activation prior to metal deposition. 
We also observed that a short oxygen plasma treatment (500 W, 30 s) was an effec-
tive compromise between achieving good adhesion and avoiding significant etching 
of the hard-baked SU-8 pillars. 
?????????????????????????????????????
In order to achieve a higher density of connection lines, these are patterned by lift-
off on the plain substrate prior to the fabrication of the SU-8 structures. To this 
end, a double layer of lift-off and AZ1515 resist is applied by spin coating (EVG 150 
automatic coater), exposed with a dose of 24 mJ/cm2 (Karl Süss MA/BA 6) and 
developed by spray development (EVG 150 automatic coater). A triple metal layer 
(20 nm Ti, 200 nm Pt and 20 nm Ti) is evaporated by e-beam (Leybold Optics Lab 
Figure 2.2 SEM imaging of metal-coated 3D SU-8 pillars (all structures are 50 μm high). Structures 
resulting from a process making use of lift-off for planar line patterning prior to SU-8 fabrication (a–c). 
Planar and vertical features combined to show the alignment outcome (b); close-up suggesting conform-
ity of the metal layer (c). 
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600H), followed by dissolution of the underlying photoresist in a remover bath 
(Remover 1165) (Figure 2.1a1). The 3D electrodes are then obtained by patterning 
the SU-8 on top of the connection lines and by sputtering metal layers, as described 
in 2.1.1 (Figure 2.1a2 and a3). Anisotropic ion beam etching with argon ions (Veeco 
Nexus IBE 350) is then performed on the full wafer without any mask. This allows 
the second horizontal metal layer to be removed while preserving the vertical metal 
features. The etching process was monitored by a secondary ion mass spectrometer 
(SIMS) to limit the etching into the planar layer that was previously deposited for 
the connections (Figure 2.1a4). 
Lift-off processing is used to define connection lines prior to SU-8 fabrication and 
metal sputtering. In this case, the most critical step is the mask-less ion-beam etch-
ing. In order to prevent excessive thinning of the previously patterned lines, SIMS 
is used to monitor the etching process and stop it before critically etching into the 
first metal layer. We developed a variety of 3D pillars with a height of 50 μm and 
spacing, down to 10 μm. The density of the structures depends on the resolution of 
the 3D structures and on the resolution of the photolithography employed to pat-
tern the planar connections by lift-off. The aspect ratio of the pillar structures de-
pends on the SU-8 process, which can achieve an aspect ratio of 20:1 and height 
beyond 200 μm. 
In addition, the process allows high patterning resolution of the connection lines; 
we designed lines down to 5 μm in width (Figure 2.2 a). The 3D features are then 
aligned with photolithographic precision to the planar wires, granting high flexibil-
ity when designing the electrodes combing planar and vertical features (Figure 
2.2 b). Critical aspects for this approach are the connection between planar and 
vertical metal structures, as well as the homogenous metal coverage of the vertical 
sidewalls. The uniform metal coverage of vertical surfaces is granted by the isotropy 
of the sputtering, as reported in [123]. We performed SEM imaging to confirm the 
presence of the metal layer on the sidewalls, apart from the electrical measurements 
reported in 2.2 (see Figure 2.2). The fabrication of the singularly addressed 3D 
electrodes was proved to work on both silicon and glass substrates (Figure 2.3), but 
other substrates could also be employed.  
Figure 2.3: SEM imaging of SU-8 metal-coated micropillars fabricated on glass substrate.?
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The microfluidic structures were fabricated by a second SU-8 lithography step, after 
the fabrication of the metal-coated 3D pillars. This made it possible to align the 
channels and 3D structures with photolithographic precision. SU-8 microfluidic 
structures are processed on the wafer after the fabrication of the 3D electrodes by 
the same SU-8 fabrication process used for the pillar cores, with the exclusion of the 
hard-baking step (2.1.1) to allow the bonding of the SU-8 to a PDMS cover for the 
realization of the microfluidic channel. The application of the same process param-
eters for the two SU-8 steps resulted in microfluidic structures with a height equal 
to the one of the 3D pillar electrodes (Figure 2.4 a and b). Using SU-8 for both the 
processing of pillars and of the channels has the advantage of avoiding the fine-
tuning of the microfluidic fabrication parameters to match the height of previous 
3D structures. 
The realization of the microfluidic channel is obtained by bonding a PDMS cover 
on top of the SU-8 structures (Figure 2.5). The PDMS cover (mix ratio 10:1) is 
degassed in a vacuum chamber and baked for 2 h at 80 °C to catalyze crosslinking.  
The PDMS is bonded to the chip by oxygen plasma activation (Diener electronic 
Femto, 100 W, 0.6 Pa, 1 min) and silanization of PDMS. The latter is performed 
by placing a flask of (3-Aminopropyl) triethoxysilane (APTES) in a vacuum desic-
cator. The flask, together with the PDMS, are left in the chamber once the vacuum 
is built up for 2 h, in order to catalyze polymerization. The chip is sealed with the 
PDMS cover provided of punched inlet and outlet to access the microfluidic chan-
nel.  
Figure 2.4 SU-8 microfluidic channels integrating 3D electrodes. SEM imaging of sidewall-integrated 
and free-standing electrodes spanning the entire height of the channel (a-b). 
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Electrical characterization of the 3D electrodes was performed both in air and in the 
presence of electrolyte solutions. The tests made it possible to verify the conductiv-
ity of the 3D electrodes, their connection to the planar metal lines, and the proper 
exposure of the electrode surface. The test structures were realized with the process 
described in section 2.1.1, which grants high resolution of the planar lines. We de-
veloped test structures to assess the resistive contribution of the pillars, that con-
sisted of planar lines interrupted by 20 μm gaps shorted by 3D pillars (Figure 2.6a). 
The electrical resistance was extracted by applying a voltage sweep from −5 V to 5 V 
(Agilent 4155C Semiconductor Parameter Analyzer, Süss PM8 manual probe sta-
tion). Moreover, vertical electrodes with lengths varying from 200 μm to 800 μm 
were measured (Keithley 2400) to extract the sheet resistance of the vertical metal 
layers (sidewalls).  
The quality of the electrical connection between 3D electrodes and planar wires and 
the conductivity of the vertical sidewalls depends on the conformity of the metal 
layer deposited on the SU-8 cores. This was inspected by SEM imaging on a sample 
of structures and thoroughly assessed by electrical characterization. A proper con-
nection between vertical layers and planar tracks was verified in 93 percent of the 
cases (192 3D electrodes fabricated on different wafers). In order to quantify the 
resistance of the connection between pillars and planar wires, we fabricated the test 
structures made out of six pillars in series and depicted in Figure 2.6a. By charac-
terizing 96 different structures electrically, we evaluated the resistance of the single 
pillar to be 12.56 ± 0.52 Ω. Apart from the planar-to-vertical connection, the qual-
ity of the 3D electrodes is determined by the conductivity of vertical metal layers, 
which needs to ensure negligible potential drops along the electrodes height. In or-
der to measure the sidewall’s sheet resistance, we fabricated rectangular pillars of 
Figure 2.5: a) Schematic representation of the section view of the microfluidic channel hosting the mi-
croelectrodes. A PDMS cover obtained from an SU-8 mold is bonded on the microchannel fabricated in
SU-8. b) SEM imaging of two facing SU-8 metal coated micropillars integrated into a SU-8 microfluidic
channel. 
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different lengths, connected by planar wires at their extremity (Figure 2.6b, inset). 
We first determined the sheet resistance of simple planar wires (Figure 2.6b, 
1.14 Ω/, square symbols) and used it to extract the sheet resistance of vertical 
sidewalls, (Figure 2.6b, 1.80 Ω/, for the single sidewall, diamond symbols). There-
fore, the approach described is suitable for high-density arrays of 3D electrode struc-
tures and/or high channels. The electrical characterization performed on structures 
built on silicon and glass proves that the vertical electrodes are connected to the 
planar lines through low-resistive horizontal-to-vertical paths and that the resistivity 
of the vertical metal layers shows only a moderate increase with respect to that of 
planar lines.  
 
a) 
b) 
Figure 2.6: (a) Illustration of the test structures employed to quantify the resistivity of the 3D pillar (red: 
platinum, green: SU-8); (b) Representation of the sheet resistance of planar wires (experimental points: 
squares; linear fit: dashed line) and of single vertical sidewalls (experimental points: diamonds; linear fit:
dashed and dotted line). Each diamond symbol corresponds to a single structure. The plot reports a total
of 15 measurements on 15 different structures (diamonds), plus measurements performed on the planar
wires (squares). The inset is a top-view representation of the 3D structures. 
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To verify the exposure of the 3D electrode-sidewalls, the microfluidic structures 
were filled with an electrolyte solution (PBS 1X), leading to the generation of a 
double-layer capacitance at the electrodes/solution interfaces. This parameter has 
been characterized by impedance spectroscopy (Zürich Instruments, HF2TA tran-
simpedance amplifier and HF2LI Lock-in amplifier) to assess the presence of the 
double-layer capacitance and to observe its dependence on the exposed area of the 
pillar. Test structures are represented in Figure 2.7a. Pillars were embedded into the 
channels sidewalls, protruding 15 μm (d’ ), and their length L ranged from 30 to 
500 μm. We characterized electrodes spaced out either 100 or 200 μm. 
We tested the exposure of vertical metal electrodes on three different microfluidic 
chips with 50 μm high electrodes and channels. We injected an electrolyte solution 
Figure 2.7: Cartoon representing the test structures to verify the exposure of vertical sidewalls to the so-
lution (top view). SU-8 is indicated in green and coating metal layers in red. 3D pillars extrude by 
d’=15 μm from the channel main walls; (b) double layer capacitance of the single electrodes extracted by 
fitting the electrical equivalent model represented in the inset to a frequency spectrum acquired between 
1 kHz and 10 MHz (d = 100 μm: diamonds; d = 200 μm: squares). 
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(PBS 1X) into the microfluidic channel (Figure 2.7 a) and characterized the imped-
ance of the electrode interfaces in the frequency range from 1 kHz to 10 MHz. Ten 
couples of identical facing electrodes, with length L ranging from 30 μm to 500 μm, 
were integrated in the channel sidewalls (Figure 2.7 a and Figure 2.7 b inset). The 
distance between the electrodes (d) was 100 μm or 200 μm. The electrical double-
layer capacitance was extracted according to the electrical equivalent model of the 
two electrodes represented in Figure 2.7 b. An average low-frequency capacitance 
value of 2.7 ± 0.54 μF/cm2 was calculated, which indicates the presence of an elec-
trochemical capacitor. The low standard deviation of the extracted interface capac-
itance suggests a homogeneous exposure. According to the results obtained by im-
pedance spectroscopy on electrode pairs of different sizes and interelectrode spacing, 
we can conclude that vertical metal layers were entirely exposed.
The low resistivity of the electrodes and their connections means that this technol-
ogy can be used for a wide range of electrical-based lab-on-a-chip applications. The 
process can be performed with any metal that can be sputtered. Some applications 
might have to avoid exposure of the planar wires. In this case, it is possible to pas-
sivate the horizontal surface by evaporation of insulating layers, as illustrated in 
section 3.2.1 [123].  
?????????
We have developed a process based on SU-8 photolithography and standard thin-
film deposition and patterning techniques that enables the fabrication of 3D micro-
electrodes integrated in microchannels. SU-8 makes it possible to achieve high as-
pect-ratio and high-resolution 3D electrode structures. These structures were coated 
with metal layers to realize vertical electrodes with low-resistivity connections to 
planar wires. This technology makes it possible to create 3D electrodes, either free-
standing or integrated in the channel sidewall. Our work addresses various issues, 
including the adhesion of the metal layers to the SU-8 and individual connections 
of single pillars in high-density arrays. The latter is enabled by patterning the con-
nection lines in a lift-off process prior to the fabrication of the 3D structures, avoid-
ing metal patterning inside the high topography of the 3D electrode arrays, which 
would limit the density of the connections and the minimum inter-electrode dis-
tance. 
Vertical electrodes make it possible to achieve uniform field strengths over the full 
channel height and lead to negligible electrical field gradient in the direction normal 
to the chip surface. Such features, combined with the possibility of singularly ad-
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dressing the vertical electrodes, offer significant advantages and new design possi-
bilities in the field of electric-based techniques for lab-on-a-chip devices. Moreover, 
the use of higher channels and densely packed arrays of pillars has the potential to 
scale up throughput. The results presented have been published in [124]. 
 
 ?
?
???
??????????????????????
?????????????????
??????????????????????????
??????
This chapter describes an alternative fabrication process to the one presented in 
Chapter 2 for obtaining arrays of high-aspect-ratio micropillar electrodes. Microe-
lectrodes consist of metal-coated pillars that are etched into silicon and decoupled 
from the substrate by means of a passivation layer. The width of the round and 
square-shaped pillars ranged from 10 ?m to 70 ?m, with gaps down to 10 ?m and 
a maximum aspect ratio of 5:1. Metal deposition and patterning are revealed to be 
the critical steps of the process. Deposition is achieved by sputtering, while pattern-
ing is performed by photolithography, and the photoresist is applied by spray-coat-
ing. The pattern is then transferred into the metal layer by means of dry etching. 
This new process can be adapted to any metal that is suitable for depositing by 
sputtering and patterning by dry etching. In addition, the micropillar electrodes are 
integrated in microfluidic structures fabricated in SU-8 as shown in Chapter 2. The 
presence of the metal layer on the vertical sidewalls is confirmed by SEM imaging 
combined with EDX analysis. The arrays are then characterized by electrical con-
ductivity measurements and impedance spectroscopy.
??????????????
Despite the good results achieved employing SU-8 for the fabrication of micropillar 
electrodes (see Chapter 2), we propose a different process herein based on silicon as 
an alternative to avoid the limits of SU-8. SU-8 is known for its poor adhesion, 
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particularly to metal layers, and it encounters severe adhesion problems when ex-
posed to even mild humidity conditions [125]. Thus, the success of the fabrication 
is strictly dependent on the environment conditions where SU-8 is processed. Con-
sequently, continuous readapting of parameters is required. Additionally, the high 
internal stress of SU-8 induces cracks in the pattern and poor adhesion to the sub-
strate, which in some cases causes complete delamination of the layer. This aspect 
is critical in the presented fabrication process of microelectrodes, since even a mild 
loss of adhesion of SU-8 micropillars prevents the electrical connection between the 
metal-coated micropillar and the horizontal line. 
For this reason, we propose an alternative process of obtaining micropillar electrodes 
that avoids the additional structural layer. In this new approach, micropillar elec-
trodes are directly obtained by etching the silicon wafer and combining sputtering 
and evaporation to selectively deposit conductive and insulating layers, either on 
the entire wafer surface or only on the horizontal planes.  
????????????????????????????????????????????
??????????????????????? ???????? ??? ????????????? ????????
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The micropillars are obtained on 4?  silicon wafers. For this purpose, first a 4 ?m 
positive tone photoresist (thinned AZ 9260) layer is applied by spin coating and 
exposed on a mask aligner (Karl Süss MA/BA 6) with a dose of 220 mJ/cm2. After 
the resist is developed, the pattern is transferred into the silicon using a Bosch pro-
cess (Alcatel AMS 200 DSE) targeting a final etch depth of either 50 ?m or 30 ?m. 
The entire wafer is passivated by chemical vapor deposition (Centrotherm furnace) 
of either silicon nitride (Si3N4 500 nm) or silicon dioxide (SiO2 1 ?m). A platinum 
layer with a titanium adhesion layer (Ti/Pt 20/200 nm or 20/140 nm) is then sput-
tered (Pfeiffer SPIDER 600) on the wafer. For adhesion purposes of a final pas-
sivation layer, an additional layer of titanium (20 nm) is evaporated on top of the 
platinum (Leybold Optics LAB 600H). We chose evaporation for this specific layer 
formation in order to avoid depositing titanium on the vertical sidewalls of the pil-
lars where only platinum is meant to be exposed to the solution. For the patterning 
of the metal layers, a diluted AZ photoresist (AZ 9260:PGMEA:MEK 4:8:90) is 
spray-coated in three superposed layers with successive baking steps for each layer 
(EVG 150). A short treatment with oxygen plasma (30 s 500 W, 400 ml/min, 
Tepla 300) is performed prior to spray coating. The resist is exposed with a dose of 
approximately 780 mJ/cm2 on a standard mask aligner (Karl Süss MA/BA 6) and 
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developed by an automated development system (EVG 150). The pattern is then 
transferred into the metal layer by dry etching (STS Multiplex ICP). After photore-
sist removal, an additional cleaning with piranha solution is performed to remove 
resist residues.  
Finally, for the purposes of electrical insulation, a 200 nm thick layer of either SiO2 
or Al2O3 is evaporated on the horizontal surfaces (Leybold Optics LAB 600H). In-
dividual chips are obtained by dicing the wafer, after a protective sacrificial layer of 
resist is spun on top of it. Figure 3.1 schematically shows the steps of the microfab-
rication process.   
Figure 3.1: Fabrication process of metal-coated 3D silicon micropillars. Cross section of the silicon 
chip in correspondence of the microelectrodes array. Resist pattern (a) is transfer into the silicon by 
Bosch process (b). Silicon is passivated (c) before to cover it with a metal film by metal sputtering (d). 
The metal on horizontal surfaces is patterned by spray coating (e) and etched away by means of dry 
etching (f). An insulating layer is finally evaporated (g). 
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After the fabrication, the Scanning Electron Microscopes (SEM, ZEISS LEO and 
ZEISS MERLIN) were used to inspect the metal patterning. An energy dispersive 
X-ray detector (EDX, Oxford Instruments EDX X-MAX) mounted on the Scanning 
Electron Microscopes (SEM, ZEISS MERLIN) was employed to analyze the mate-
rial composition of the vertical sidewalls in order to further confirm the presence of 
platinum on the sidewalls of the electrodes. Data were treated using the AZTEC 
software (Oxford Instruments). Figure 3.2b and c show EDX analysis of the side-
walls of the pillars. Silicon, platinum and nitrogen peaks were identified. The pres-
ence of nitrogen is due to the passivation layer of silicon nitride underneath the 
metal layer. The Ti peaks could not be measured due to the limited thickness of the 
layer. 
The patterning of the metal layer inside the gaps was observed through SEM. For 
this purpose, we realized arrays of 50 ?m high pillars with different shapes (square 
and round), dimensions (10–70 ?m) and gaps (10–60 ?m). The SEM picture in 
Figure 3.2a shows uniform metal coverage of the pillar sidewalls and the continuity, 
with the horizontal metal layer constituting the wires. 
The patterning of metal connections between the pillars was achieved using spray 
coating. This technique allows for more homogenous coatings, especially for sub-
Figure 3.2 (a) Section of a 20 μm gap between two 50 μm-high pillars. The colorized SEM picture shows
the conformity of the metal layer (Ti/Pt 20/200 nm) on the vertical sides of the pillars and on the gap 
bottom. Inset: details of the metal layer on the pillar vertical sidewall; (b) vertical sidewall of a pillar. The 
region marked by the rectangle has been characterized by SEM-EDX and resulted in the spectrum rep-
resented in (c).  
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strates with high topography, since the layer is sprayed uniformly on the entire wa-
fer, which means it does not need to be spread by centrifugal forces [126]. 
We noted that treating the photoresist coating with oxygen plasma before spray 
coating and employing freshly deposited clean metal surfaces play an important role 
in achieving the best adhesion and uniformity of the coating. Since smaller droplets 
adhere better to the substrate, the resist was applied accordingly, starting with a low 
dispense rate (5 ?L/s). Additional resist was then sprayed, increasing the dispense 
rate at each passage over the wafer up to 60 ?L/s. This procedure was chosen since 
an increased dispense rate leads to the formation of bigger droplets, which are more 
favorable for adhering to already deposited resist and also lead to a smoother surface 
[127]. 
The wafer was rotated while the spray nozzle was moved over the wafer in order to 
achieve coverage of all sides of the pillars; however, the rotation was kept at a low 
spin speed (20 rpm) in order to minimize the centrifugal force effects. Nevertheless, 
photoresist accumulation and inhomogeneity in resist thickness were observed be-
tween the pillars, and a dependency between gap size and resist accumulation was 
also observed. Arrays with smaller gaps result in greater accumulation inside the 
gaps than similar arrays with bigger gaps. This can be explained by two effects. 
Firstly, more resist is deposited in a small gap, since the ratio of vertical surfaces to 
horizontal surfaces is higher. Secondly, capillary forces have a greater effect in small 
gaps than in larger gaps. 
To achieve a sufficiently high exposure dose for the full resist thickness in critical 
regions, the dose had to be increased. While a dose of 210 mJ/cm2 was sufficient to 
pattern planar regions, doses of up to 780 mJ/cm2 were necessary to pattern into the 
arrays with smaller gaps. The fact that the patterning of the metal layer of planar 
regions and arrays was achieved in the same step meant that planar regions were 
overexposed. Moreover, during exposure of the resist, a gap separating the wafer 
from the mask appeared due to the presence of the pillars. The combination of the 
gap and overexposure led to an important shrinkage of planar features, particularly 
those located far from the pillars.  
SEM imaging was used to characterize this effect by measuring the shrinkage of 
planar test structures consisting of 10 lines with nominal width ranging from 5 ?m 
to 50 ?m. Figure 3.3a shows SEM images of five of the 10 planar metal lines, while 
Figure 3.3b shows the distribution of the shrinkage of this set of lines over 96 meas-
urements. The shrinkage corresponds to an average of 6.52 ?m, with a standard 
deviation of 1.14 ?m. Furthermore, we observed that shrinkage was less evident for 
gaps between the square-shaped pillars (Figure 3.3c) than for the round-shaped pil-
lars (Figure 3.3d). This observation agrees with the explanation above, since the 
spacing between square-shaped pillars is narrower than the round-shaped ones due 
to larger facing surfaces in the case of square-shaped pillars.  
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We developed silicon chips featuring sets of five connected round-shaped pillars of 
different size, spacing and wire width in order to evaluate the resistivity of connec-
tion lines that comprehended metal-coated micropillars and to identify the critical 
features for the proposed technology. In particular, our purpose was to evaluate the 
metal thin film continuity between planar wires and vertical pillar sidewalls and the 
impact that the pillars have on the resistivity, particularly with respect to their di-
mension and position. The diameter of the pillars varied from 10 ?m to 70 ?m and 
the spacing between them ranged from 60 ?m down to 10 ?m. Each array consisted 
of five adjacent pillars connected by a metal line of 10 ?m, 20 ?m, or 30 ?m in 
width, ending with two opposite pads (indicated as A and B in Figure 3.4). Test 
structures consisting of standard horizontal line patterns having a width between 
Figure 3.3 (a) Shrinkage of the planar lines due to photoresist overexposure. Dashed black lines indicate
the patterns on the original mask design; (b) Bar chart of measured shrinkage over 96 measurements; (c)–
(d) patterned connection lines in between pillars for square-shaped pillars with a 20 ?m gap and round-
shaped pillars with 10 ?m gap ((c) and (d), respectively). The nominal width of the lines is 10 ?m, 20 ?m
and 30 ?m from bottom to top. Scale bars are 50 ?m. 
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5 ?m and 50 ?m were fabricated on the same layout.  
 The purpose of the final passivation step of the chip surface is to insulate the metal 
wires from an electrolyte solution. This step was not applied on these chips since 
measurements were performed in dry conditions.  
Measurements of electrical conductivity on the five-pillar arrays were performed in 
dry conditions with a Keithley 2400 SourceMeter and a Karl Süss PM8 probe sta-
tion. We measured the electrical resistance of lines of five round-shaped pillars, con-
nected by a metal wire with a nominal width of either 20 ?m or 30 ?m. The sets of 
pillars also differ in diameter (20–70 ?m) and spacing (10–60 ?m).  
The measured resistances of the lines with different geometrical features varied from 
14 ? to 90 ?. Figure 3.5 reports the data for lines obtained on two different wafers. 
The plots report the resistance normalized by the total length of the corresponding 
array, including the connection lines to the pads (Figure 3.4 from point A to point 
B). While electrical connection was successfully achieved for each array, the nor-
malized resistance was shown to be mainly affected by the gap size, resulting in 
higher resistance in cases of smaller gaps. Figure 3.5a shows the inter-chip variability 
(18 chips) of the resistance per unit length plotted vs. the gap size between the 
pillars. This plot reports the measurements on arrays having the same pillar diameter 
(30 ?m) and line width (20 ?m). Normalized resistance ranges from approximately 
40 m?/?m to 90 m?/?m, with a maximal variability of 10 percent. Figure 3.5b 
reports the normalized resistance of lines with different gap sizes, pillar diameter, 
and line width. No relationship can be found between the resistance of the array 
and the pillar diameter, which ranges from 20 ?m to 70 ?m. As expected, the re-
sistance decreased when the line width was increased from 20 ?m (crosses) to 30 ?m 
(circles). This analysis only considered the arrays for which the pillar diameter was 
equal to or larger than the line width. This choice was motivated by the intention 
to exclude cases in which the electrical current was allowed to circumvent the pillars.  
We compared the normalized resistance of the pillar arrays with the normalized 
Figure 3.4: SEM image of three sets of five round-shaped micropillar electrodes. The micropillars have a 
30 μm diameter and a 20 μm gap between them. Platinum planar lines from 10 μm to 30 μm in width
(bottom to top) connect each single array from point A to point B, through the five pillars. Metal surfaces
were highlighted on the image by colorization of the corresponding regions. 
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resistance of the planar lines implemented on the same chip. We observed an in-
crease of the normalized resistance due to the presence of the pillars, which was 
maximal for the 10 ?m gap and corresponded to approximately four times the nor-
malized resistance of the planar lines.  
Overall, we can conclude that gap size is the main parameter that affects the re-
sistance of the pillar lines. This effect can be explained by considering that the am-
plitude of the sputtering angle in the gap region is reduced during metal deposition, 
which leads to a thinner metal layer inside the gaps and on the sidewalls of the 
pillars.  
Figure 3.5 (a) Inter-chip variability (18 chips) of the resistance of the arrays, normalized by the array
length, vs. the gap between pillars. In the case of 10 μm gap, three out of 18 normalized resistance values 
were found to be substantially higher, thus they were indicated separately on the plot; (b) resistance of the 
arrays normalized by the array length, vs. the gap between pillars. Circles represent 30 μm-width lines and
crosses represent 20 μm-width lines. Pillar diameter ranges from 20 μm to 70 μm (b). 
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A specific micropillar layout was conceived in order to facilitate the coupling of the 
chips with a microfluidic channel to perform electrical impedance measurements in 
wet conditions. Two adjacent 50 ?m high micropillars with a width of 40 ?m and 
spacing of 40 ?m (Figure 3.6) were located in a 130 ?m-large flow channel obtained 
by bonding a PDMS cover to the chip. The upstream and downstream faces of the 
micropillars exhibit a rounded shape to improve the hydrodynamic behavior by re-
ducing the flow perturbation (Figure 3.6a). In this design, each single pillar is con-
nected by a 1 cm long horizontal metal line to a dedicated pad located on the chip 
border outside the PDMS-bonded region. The PDMS cover was obtained from an 
SU-8 mold. The PDMS and chip surface were cleaned with an isopropanol bath for 
10 min and then bonded by oxygen plasma (100 W, 0.6 mbar, 12 s, Diener Elec-
tronics, Femto) (Figure 3.7). 
Impedance spectroscopy was performed in both dry and wet conditions. The mi-
crofabrication process includes the final surface passivation by SiO2, as described 
above, in order to insulate the horizontal metal wires from the electrolyte solution. 
The resulting pillars expose platinum on their vertical surfaces, while the horizontal 
wires lie beneath an SiO2 passivation layer.  
Figure 3.6: a) Schematic representation of a 3D view of a metal-coated micropillar in a microfluidic chan-
nel. b) schematic cross-section and c) top view section of the micropillar. ?
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A PCB was designed to hold the chips and to provide electrical connection. The 
backside of the chips was connected to ground in order to suppress capacitive cou-
pling between the metal wires on the chip and the silicon substrate. . The micropillar 
electrodes were characterized using an Agilent 4294A Precision Impedance Analyzer 
(Agilent Technologies, Santa Clara, CA, USA) acquiring data in LabView (National 
Instruments Corp., Austin, TX, USA). Data were then analyzed in Matlab (Math-
works, Natick, MA, USA). The electrical characterization of the pillars inside the 
channel was performed both in air and in PBS 1X (Phosphate Buffered Saline, 
Sigma–Aldrich) solution. Impedance spectra were obtained over 201 measurement 
points distributed logarithmically between 103 Hz and 106 Hz, with an excitation 
signal of 50 mV. In order to identify the equivalent electrical components, data 
points were fitted in ZView (Scribner Associates, Inc.). Equivalent electrical param-
eters of the device formed by two micropillar electrodes in solution were extracted 
using both dry and wet measurements. 
From the measurements in dry conditions, it is possible to extract the geometrical 
capacitance between the micropillars in air, which includes the contribution of the 
connection lines. Impedance spectra in dry conditions show purely capacitive be-
havior (Figure 3.8a) and the geometric capacitance can be estimated as 55 pF. The 
measurements in wet conditions (performed by means of the Impedance Analyzer), 
which are reported on the same plot, show the occurrence of the electrode/solution 
interface capacitance of the vertical platinum sidewalls.  
The impedance spectra of the microelectrodes in solution can be modeled using the 
equivalent electrical circuit shown in Figure 3.8b. The Constant Phase Element 
(CPEDL) accurately describes the peculiar interfacial double-layer capacitance at the 
electrodes and can be observed at frequencies lower than 104 Hz.  
Frequencies between 4 × 104 Hz and 5 × 105 Hz are dominated by a resistive behav-
ior, which depends on the solution resistance, Rbuffer. The parasitic capacitance Cstray, 
which is mainly due to the capacitive coupling between the electrodes, is observed 
at frequencies higher than 5 × 105 Hz. Finally, an additional element that consists 
of a parasitic resistance RPAR in parallel with a capacitance CPAR is in series with the 
electrode impedance.  
Figure 3.7 Schematic representation of the side view of the microfluidic channel hosting the microelec-
trodes. A PDMS cover obtained from an SU-8 mould was bonded on the silicon chip by oxygen plasma.
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The data obtained were fitted with the described model in ZView (Scribner Associ-
ates, Inc.) in order to extract the values of each component. The extracted electrical 
parameters are fitted with errors below 3 percent, indicating the suitability of this 
Figure 3.8: (a) Impedance modulus and phase of two adjacent micropillar electrodes in dry (solid lines)
and wet measurement conditions (dashed line); (b) equivalent circuit of the two pillars in the microfluidic
channel used for fitting; (c) fit of the experimental data. Only 101 frequency measurement points out of 
the 201 sampled are represented on the plot. 
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electrical model to represent our samples (Table 3.1).  
The presence of a large capacitance at low frequencies can only be attributed to the 
existence of an electrode/solution interface; this further demonstrates the exposure 
of the platinum on the pillar sidewalls to the solution. Following the procedure 
reported by Brug et al., the effective capacitance corresponding to the extracted 
constant phase element was found to be 1.3 ?F/cm2 [128]. 
 
Table 3.1: Values of the electrical parameters for two micropillar electrodes in a microfluidic channel ex-
tracted by fitting of the equivalent circuit in Figure 3.8 b 
? ??????????????
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The microfluidic structures were fabricated in a SU-8 lithography step, after the 
fabrication of the metal-coated 3D pillars. In this case, the wafer is diced just after 
the additional SU-8 lithography step described here. A 50 μm-thick SU-8 (Gerstel-
tec GM 1070) layer is spin-coated at 1600 rpm, matching the height of the 3D pillar 
electrodes. A soft-bake is performed at 90 °C for 5 min and then exposed to UV at 
a dose of 400 mJ/cm2 (Karl Süss MJB 4). A post-exposure bake is executed at 90 °C 
for 30 min to catalyze cross-linking, followed by development in propylene-glycol-
monomethyl-ether-acetate (PGMEA).  
SU-8 makes it possible to integrate microelectrodes into microfluidic structures, 
with three purposes: (i) to define the walls of microchannels with lithographic pre-
cision; (ii) to electrically passivate, in a selective manner, the vertical faces of the 
microelectrodes (due to the insulating properties of SU-8); and (iii) to improve the 
hydrodynamic behavior in the microchannel by reducing the flow perturbation.
SU-8 microfluidic structures were fabricated after the 3D electrodes directly on the 
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chip. This enabled the alignment of channels and 3D structures with photolitho-
graphic precision. Fabrication parameters were tuned to achieve an SU-8 layer of 
the same height as the metal-coated microelectrodes (see Figure 3.9). 
 
???????????????????????????????????? ??????????????????????
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Impedance spectroscopy was also performed using 3D electrodes integrated in SU-
8 microfluidic structures, as schematically shown in Figure 3.10a. In this case, ad-
jacent 50 μm high micropillars with a 30×30 μm2 base (Figure 3.10) were located 
in a 95 μm wide microchannel. At the upstream and downstream faces of micropil-
lars, SU-8 microfluidic extrusions passivated the electrode surfaces. Each single pil-
lar was connected by a 1 cm long horizontal metal line to a dedicated pad located 
on the chip border outside of the PDMS-bonded region, as in the chip described 
previously. PDMS was bonded on the silicon chip following the same procedure as 
above  
In this case, the chip cleaning performed prior to the PDMS bonding required fur-
ther attention due to the presence of SU-8 structures. The chip was gently rinsed 
with IPA in order to remove the larger amounts of the positive resist used as pro-
tective layer during dicing. Bath in IPA was avoided due to the presence of SU-8 
that might be attacked by the solvent. Hence, further residues of positive resist were 
removed only following the PDMS bonding, directly accessing the microchannel. 
Filtered IPA was injected at 30 μl/min for approximately 2 min in the microchannel 
and immediately rinsed by injecting Milli-Q (30 μl/min for 10 min) to prevent SU-
8 adhesion. The presence of the PDMS bonded directly on the silicon chip help to 
avoid the SU-8 detachment during the chip cleaning. 
SU-8 extensions of the 3D microelectrodes made it possible to reduce the size of the 
Figure 3.9: Coloured SEM image of SU-8 microfluidic channel integrating silicon-based 3D microelec-
trode. The 3D microelectrodes are coloured in green, while SU-8 is colored in violet. ?
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electrodes surface exposed to the solution in the microchannel, which had several 
implications. Reducing the size of the electrodes turns on a higher electric field line 
concentration, constraining the current paths into a smaller volume around the cell 
or the particle under test (see Figure 3.11). Finally, the presence of the SU-8 pre-
vents cells collision with microelectrodes, which would happen particularly at low 
flow rates and would generate ripples in the electrical signal.  
Figure 3.12a and b shows the impedance spectra in wet conditions of free-standing 
micropillar electrodes (Figure 3.11a) and of micropillar electrodes featuring up-
stream and downstream SU-8 extensions (Figure 3.11b). Measurements were per-
formed by means of the lock-in amplifier (HF2LI) and a current amplifier (HF2TA) 
by applying a 100 mV simulation voltage.  
 Similarly, to the Bode plot described above, the effect of the double-layer capaci-
tance and the resistance of the solution are visible at frequencies below 2·104 Hz. As 
expected, impedance is overall higher for the micropillars featuring SU-8 extensions 
Figure 3.10: (a) 3D view of a metal-coated micropillar; (b) the schematic cross-section; and (c) the top
view section of the micropillar.?
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because of the reduced electrode area exposed to the electrolyte. In fact, SU-8 struc-
tures passivate a portion of the electrodes’ surface, which results in a decrease of the 
double-layer capacitance (visible at low frequency in the range of 103 - 2·104 Hz) 
and in an increase of the resistance of the solution (visible in the range of 2·104 Hz 
- 4·105 Hz). Beyond 106 Hz, the effect of parasitic elements is evident and the 
HF2TA preamplifier introduces a phase offset as a function of frequency from 1-2 
MHz.  The values of the electrical elements obtained by fitting the measurements 
with the model in Figure 3.8b are shown in Table 3.2.  
 
Figure 3.11: (a)Top view schematic representation of the current path between two free-standing mi-
croelectrodes (in green) and (b) of two microelectrodes with SU-8 extensions (in violet).    
Figure 3.12: Impedance modulus (a) and phase (b) acquired in wet conditions of two adjacent free-stand-
ing micropillar electrodes (blue dots) and integrated in two SU-8 extensions (yellow dots). Microscopy
image (101 frequency measurements are represented in the plot). 
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Table 3.2: Values of the electrical parameters for two micropillar electrodes without (indicated as ‘-SU-8’) 
and with SU-8 extensions (indicated as ‘+SU-8’) extracted by fitting the equivalent circuit in Figure 3.8 b 
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We have presented a new fabrication process to realize freestanding pillar electrode 
arrays with metal coverage of the vertical sidewalls. The fabrication is based on 
standard silicon machining technologies, which offers advantages in terms of avail-
ability of equipment as well as compatibility with other processes. The fabrication 
process presented here is CMOS-compatible and could be implemented together 
with circuits in order to, for example, address a large number of pillar electrodes. 
The two most critical steps for the fabrication are the metallization of the vertical 
sidewalls of the pillars and the patterning of metals in between closely spaced pillars. 
The presence of the metal was confirmed using different methods, such as imaging, 
surface analysis and electrical measurements, and was found to form a homogenous 
layer. The minimal gap that it could be patterned into was found to be 10 ?m for 
round-shaped pillars and 20 ?m for square-shaped pillars. Therefore, the proposed 
technology makes it possible to develop arrays with pillars that can be addressed one 
by one, or to realize connected pillars that are on the same lines. 
During the patterning of the metal layer, planar features experience shrinkage in a 
way that is influenced by the topography of the substrate, due to high exposure 
doses and a resulting exposure gap. The topography of the substrate was found to 
have an influence on the shrinkage. Planar features in low topography regions were 
found to suffer the most from shrinkage, determining a mean size reduction of about 
6.5 ?m. However, the high repeatability of the extent of the shrinkage makes it 
possible to compensate for this effect in the design of the layout. The shrinkage 
within the gaps depends on the gap size and on the pillar shape. Shrinkage was 
found to be consistently more important for bigger gaps. The smaller gaps lead to 
higher photoresist accumulation, which means that higher exposure doses are nec-
essary to entirely develop features inside the smaller gaps. Since different arrays were 
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developed in parallel the same substrate, the photoresist inside larger gaps was over-
exposed.  
One of the main advantages for the obtained pillars is their metal coverage and the 
possibility to use metal connection lines that result in low resistivity of such elec-
trode features. Lower resistance of the electrodes results in better performance for 
measuring signals with small amplitude and reduces Joule heating of the medium 
when the electrodes are used to apply signals.  
Test structures with five pillars were connected with lines of different widths in 
order to characterize the resistance of the pillars and their connection lines. The 
resistance of these structures was found to be in the range of tens of Ohms. The 
presence of the pillars was found to increase the resistance values by only four-fold, 
most of which depended on the gap dimension. The option to build the pillars out 
of silicon makes it possible to apply only thin layers of expensive metals on the pillar 
sidewalls. This represents an advantage with respect to other techniques, such as 
electroplating, in which the resulting pillars are made from one specific conductive 
material. Furthermore, with electroplating it is generally challenging to achieve both 
good surface properties and precise geometries. On the other hand, the fabrication 
process proposed here makes it possible to realize any pillar geometry that is com-
patible with photolithography and dry etching. Moreover, the presented technology 
makes it possible to achieve sharp edges, as opposed to techniques such as C-MEMS, 
which involve shrinkage of the precursor that occurs during pyrolysis. 
The described fabrication process for passivated freestanding 3D silicon pillars 
coated with metal is suitable for use with various lab-on-a-chip applications. This 
process makes it possible to achieve arrays that consist of high-aspect-ratio pillars 
exposing metal on their sidewalls and exhibit well-defined cross-sections. Finally, 
the combination of 3D microelectrodes with SU-8 structures opens up a range of 
opportunities in the design of new layouts of microfluidic devices. 
In particular SU-8 structures can be used as passivating extensions of the microelec-
trodes, as shown in this case, but they might be also patterned to integrate the mi-
croelectrodes and form trapping sites for cell analysis and manipulation (0). The  
majority of the presented results have been published in [123].  
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In this chapter we describe the employment of silicon-based 3D microelectrodes for 
in-flow label-free and single-cell detection of T lymphocytes activated in vitro. The 
microelectrodes employed, which are fabricated following the process described in 
Chapter 3, present passive upstream and downstream extensions. We preferred to 
use the silicon-based approach (Chapter 3) instead of the SU‒8-based one (Chap-
ter 22 |)for its higher reliability and straightforwardness, despite the fact that the 
use of silicon might introduce capacitive couplings through the substrate at higher 
frequency. SU-8 based fabrication revealed critical issues in achieving and preserving 
the electrical contact between the vertical side of the microelectrode and the hori-
zontal metal line, due to the poor adhesion properties of SU‒8. 
3D microelectrodes were used to measure the impedance change associated with the 
activation of primary CD8+ lymphocytes. Measurements were performed at electri-
cal frequencies maximizing the difference between non-activated and activated T 
cells.  
The proposed impedance flow cytometer highlights the possibility of using imped-
ance to assess single T cell activation in label-free suggesting the intriguing possibil-
ity of employing this technique in cell immunotherapy. The motivation of this work 
stems for the great interest in methodologies for the non-invasive analysis and ma-
nipulation of cell samples. This is particularly true in the context of adoptive im-
munotherapy, where the processing and characterization of activated immune cells 
to reemploy therapeutically should be minimal, to avoid critical modifications. The 
challenging application we propose arises from the collaboration with the Ludwig 
Centre for Cancer Biology (Lausanne, Switzerland).  
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The immune system operates as defense against harmful cues originating from the 
environment or from abnormalities in the organism’s physiology (as is the case for 
many types of cancers) [129]. The immune system response is divided into innate 
and adoptive, also defined as nonspecific and specific, respectively. White blood 
cells (also called lymphocytes), play a key role in establishing and coordinating the 
immune response. They are generally distinguished in B cells and T cells, and these 
last ones have a central role in the adoptive cellular immune response. In particular, 
cytotoxic T lymphocytes (CD8+) are the responsible for the effector function [129], 
since they directly attack target cells by secreting lytic enzymes causing the death of 
the cells [130]. CD8+ cells are implicated against virus-infected cells, tumor cells 
and transplant rejection. 
T cell precursors (denominated timocytes) differentiate in the bone marrow and 
migrate to the thymus for maturation before moving through the tissues. After mat-
uration, T cells are considered naïve until exposed to foreign antigens and to appro-
priate co-stimulator molecules that specifically activate their T cell receptors (TCR). 
Foreign antigens are typically presented on the surface of specialized host cells, 
called antigen-presenting cells (APC) [131]. 
With the engagement of the TCR complex, a number of signalling events leads to 
cell activation, a rather complex process that induces an immediate increase of the 
concentration of cytoplasmic calcium (Ca2+) and cytoskeletal rearrangements, 
which, in the context of T cell – APC cell interplay, favour and stabilize their inter-
action [132], [133]. Long-term effects of activation include proliferation and the 
expression of activation-associated genes which triggers the differentiation from the 
naïve state [134].   
A number of strategies to generate, educate, and/or empower T cells against tumors
have been developed during the last 60 years, [135], [136] leading to two main 
different strategies to stimulate antitumor immunity: therapeutic vaccination and 
passive immunization. Passive immunization, also known as adoptive T cell therapy 
(ACT), is a promising powerful approach for cancer treatment that relies on the 
infusion of tumor-specific T cells expanded ex vivo for mediating tumor attack in 
the host (Figure 4.1). Currently there are no FDA-approved ACTs for cancer, but 
ongoing clinical trials of adoptive T cell transfer have begun in recent years for 
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melanoma [137] and other malignancies including, cervical cancer, lymphoma, leu-
kemia, bile duct cancer, and neuroblastoma [138].   
Tumor-specific T cells can be harvested in different ways starting from both tumor-
infiltrating lymphocytes (TIL) and peripheral blood lymphocytes (PBL) [139]. In 
the first case, TILs can be isolated from cancer tissue, since they are preferentially 
tumor-specific, expanded non-specifically in vitro, and infused back into the pa-
tient. PBLs instead can be isolated from peripheral blood, subsequently they can be 
either non-specific or antigen-specific stimulated, and then expanded in vitro before 
to be reinfused. PBLs can be furthermore genetically engineered to express engi-
neered cell receptors before expansion [140]. These receptors can be traditional 
TCRs, or they can be chimeric antigen receptors (CARs), which are antibody single-
chain variable fragments joined with TCR [137]. Promising results, including me-
diation of tumor regression, have been already shown employing modified antigen-
specificity of PBLs in humans, so that genetically modified T cells to target cancer 
made immunotherapy being designated as the Science’s “Breakthrough of the Year” 
Figure 4.1: Schematic representation of a possible adoptive cell immunotherapy strategy. Tumor mass
can be excised from patient to extract T cell population (1). Upon stimulation with specific antigen,
activated T cells, which have the desired TCR, can be detected and expanded (2) and then adoptively
transferred into patient (3). 
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in 2013 [141].  
In the perspective of personalized immunotherapy, some research teams at the Lud-
wig Centre for Cancer Biology (Lausanne, Switzerland) (LCCB) currently aim to 
interrogate T cells (either circulating T cells or tumor-infiltrating cells) against a 
large panel of specific antigens, unique for each tumor/patient, in order to identify 
and validate immunogenic antigens.  After a preliminary prediction of antigenic 
epitopes, in silico these have to be experimentally validated to demonstrate their 
antigenicity. A major technical limitation of this approach is represented by the 
validation of the predicted antigens. In other words, patient-specific T cells have to 
be screened to assess their activation upon exposure to cognate antigens, and this 
validation step requires a level of sensitivity that complies with the stringent require-
ments for the detection of antigen-responsive T cell clones (down to 0.6 – 60 cells 
over 106) [142].  
The presence of antigen-specific T cells can be traditionally assessed indirectly by 
means of antibody-based assays, such as the ELISA or the ELISPOT. These are 
based on the detection of signaling molecules and secreted proteins produced by T 
cells with their activation [143]. More specifically, ELISA assays allow to measure 
the proteins in the culture and ELISPOT to quantify the frequency of single pro-
tein-releasing cells [144]. These are end-point assays, and notably they are laborious 
and indirect (the analytes are cell products, not the cells themselves). Other ap-
proaches, such as real time PCR, allow to highlight the accumulation of activation-
specific mRNA transcripts in activated cells[145]. Also this technique is highly la-
borious and reagent-consuming, and most importantly, it requires the purification 
of RNA from individual cells. It is hence sample destructive, thus precluding the 
downstream re-employment of analyzed cells.  
A routine approach to detect activated T cell relies on fluorescence-assisted cell sort-
ing (FACS). This technique evaluates the expression of specific surface markers on 
activated cells, among which CD25, CD69, CD71, and HLA [146]. Although a 
well-established technique, it requires the staining, and in some cases?the fixation, 
of cells together to multiple washing and incubation steps. An additional limitation 
of this methodology is that the detection of antigen specific T cells responding to a 
certain epitope often requires the preliminary expansion of cellular pools in vitro, 
due to the scarcity of antigen-specific clones. This process can introduce bias in the 
cells population [147] affecting the reliability of the analysis. 
New methods sensitive to low frequency antigen-specific T cells ex vivo would im-
prove the current detection and recovery approaches, allowing to characterize and 
isolate T cells with minimal loss and, importantly, without introducing alteration 
that would prevent the re-employment in patients for treatments.  
The advancements in biocompatible microfabricated system has enabled the devel-
opment of new strategies for single cell analysis which rely on microfluidic or arrays 
of microwells or traps to position them [148]. An interesting review of the recent 
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developments in microfluidics based immunology has been published recently [149] 
highlighting the current interest for the topic.  
The advantages offered by microfluidics allowed to develop lab-on-a-chip platforms 
to identify and analyses T cells activation. In particular, microfluidic systems mainly 
allow to: (i) reduce the volume and so the consumption of expensive reagents and 
samples; (ii) improve experimental reproducibility and control by handling fluids 
automatically using custom designed chip architectures; (iii) accelerate biochemical 
reactions increasing the surface area to volume ratio; (iv) achieve large-scale paral-
lelization analysis, hence increasing throughput; (v) profile single-cells considering 
heterogeneity of cell population. 
Most microfluidic systems involve the use of fluorescent marker to label activated 
cells or the use of fluorescent probes to assess the cytoplasmic response to T cell 
activation (e.g. the cytoplasmic accumulation of calcium triggered by the activation 
process) [150]–[156]. The number of label-free on-chip solutions to assess T cells 
activation are still limited and, differently from label-based approaches, they offer 
clear advantages. In first instance, label-free assays are less invasive and suffer less 
from procedural bias. In fact, the identification of cells depends on cell intrinsic 
features that are not highlighted through markers, and are hence not affected by 
labelling errors. Some examples of label-free strategies that harness cell shape, de-
formability, density and dielectrical properties, and employ to detect activated 
T cells are described below. 
 
????????????????? ??????????? ??? ????? ???? ???? ?????????? ??? ??????????
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In [157]  Gossett et al. relied on changes in cell shape and deformability, which are 
related to cytoskeletal and nuclear reorganization, to examine activation of periph-
eral blood mononuclear (PBM) cells. By means of inertial focusing, cells are uni-
formly carried to a stretching extensional flow where they are deformed at high 
strain rates and monitored by a high-speed camera. An automated image processing 
analysis extracts mechanical information by measuring the initial diameter and the 
deformation of cells, defined as the ratio between the longest and the shortest per-
pendicular axis of the cell under stress.  
PBM cells revealed more deformability and bigger dimensions upon stimulation due 
to a reorganization of the cytoskeleton and microtubule structures.  The system of 
Gosset et al.  attained remarkable throughput (approximatively 2´000 cells/s) but 
suffered from the general drawbacks of optical detection, which require expensive a 
high speed camera and bulky setups that are difficult to miniaturize into low-cost 
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portable devices.   
Another label-free approach, based on the quantification of single-cell mass, volume 
and density, is presented by F. Delgado in [158] using a suspended microchannel 
resonator that implements Archimedes’ method in a microfluidic system. The reso-
nator consists of a silicon cantilever with an embedded microfluidic channel. The 
cantilever oscillates under vacuum at a frequency proportional to its mass, and its 
vibrations are monitored optically. When a cell passes through the microchannel it 
changes the resonance frequency proportionally to its buoyant mass. In particular, 
two fluids of different densities are loaded in the microchannel and the buoyant 
mass measured. (Figure 4.2 describes more in detail the concept of the technology). 
The absolute mass, volume, and density of the cell can be determined by plotting 
the linear relationship between recorded buoyant masses and fluid densities. The 
authors validated the device also with naïve and activated CD8+ T cells. They ob-
served lower dry density and higher dry mass for activated T cells with respect to 
unstimulated ones, as a result of the fact that, upon activation, changes in cell chem-
ical composition occur. The increase of dry mass of activated T cells reflects the 
growth of cells, as they undergo proliferation, while the low mass values of na-
ïve T cells reveal their compactness and little cytoplasm. Moreover, dry density - 
related to the chemical composition of cells (RNA, proteins, lipids, etc.) - is higher 
for naïve T cells. This possibly reflects their reduced cytoplasm and the density of 
organelles which are rich in lipids. Despite its high sensitivity, the system of Delgado 
et al. presents lower throughput (500 cells/hour) and it requires a complex system 
for a precise control of flow and of vacuum. 
Alternative approaches based on the dielectric properties of cells can be used to as-
sess T cell activation in label-free. Electrical-based measurements can be integrated 
Figure 4.2: Schematics of the buoyant mass measurement using a suspended microcantilever. Single-cell
density is evaluated by loading two different fluids in the channel. At first, the buoyant mass of a cell
suspended in a low-density fluid is measured from the resonance peak. Then, when the cell enters in a 
greater density fluid, the direction of the flow is switched and the buoyant mass of the cell is measured in
the high-density fluid. Pneumatic vacuum and two computer-controlled solenoid valves are required to
control the flow [158].?
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easily on the chip taking advantage of the advancement of portable electronics. Dif-
ferent systems will be described more in details in the next section (4.1.3).  
??????????????????????? ??? ????? ?????????? ???? ?????????? ?? ??????
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The characterization of the dielectric properties of cells through dielectrophoresis 
(DEP) [159], [160], electrorotation (EROT) [160], [161] and IS (section 1.1) have 
a longstanding history in the context of label-free cell analysis and manipulation. 
These techniques, moreover, have been already successfully applied to assess the 
detection of activated T cells.  
Hu et al. analysed the activation of T and B lymphocytes by EROT [162]. Upon 
mitogenic stimulation, the capacitance of cells considered to be activated (according 
to their change in size) was measured. Activated cells showed an approximate dou-
bling of the membrane capacitance (up to 1.4 μF/cm2) and an increase of the mem-
brane conductivity. Dielectric parameters of cell membrane and cytoplasm were de-
rived from EROT and DEP analysis by fitting the single shell model to experimental 
data and assuming that cells are smooth spheres with complex membrane structures. 
The increase in membrane capacitance and membrane conductivity strongly corre-
lated with the increase in size as cells enter in the cell division cycle after activation.  
The authors support the idea that changes in membrane area, such as the dramatic 
increase in membrane folding, are the main cause of the specific membrane capaci-
tance variation they observed and that the increase of membrane conductivity re-
flects, presumably, an increase in activity of ion transport pumps.  
The possible correlation between dielectric properties and phases in the cell division 
cycle in activated T cells, was studied by Huang et al. using EROT [163]. They 
confirmed the increase in surface membrane capacitance observed by Hu et al. as 
cells moved from their resting G0 phase into cell division cycle upon mitogenic 
stimulation. The authors point out how the change in membrane surface capaci-
tance observed upon activation is not the result of the cell change in radius, since 
the increase in size would cause a reduction of capacitance, if the total membrane 
capacitance was preserved. Indeed, the specific membrane capacitance is defined as 
the total membrane capacitance divided by the surface area of a smooth sphere hav-
ing a radius equal to that of the cell, according to the standard model. The total 
capacitance is instead determined by membrane dielectric permittivity and its area 
divided by its thickness [164]. Membrane structures, such as microvilli, ruffles, folds 
and blebs increase the total membrane area and hence the total cell capacitance. 
Upon activation, the surface configuration of the membrane displays increased sur-
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face complexity, in terms of microvilli and its density, as revealed also by SEM anal-
ysis [163] resulting in the increase of surface capacitance.  
Physiological changes in the membrane associated to T cell activation were explored 
also by Pethig et al. [165]. The authors investigate by DEP the possible relationship 
between the dielectrophoretic signal distributions and the cell cycle. corroborating 
the results reported with EROT by the previously described works. 
The morphological change and the increase in adherence of activated T cell can be 
also monitored by impedance-based strategies [166]. Guan et al. recorded the im-
pedance change of activated Jurkat cells with anti-CD3 and anti-CD8 antibodies by 
the impedance-based xCelligence system already described in (1.2.1). In this case, 
the stimulation of cells led to cytoskeletal rearrangement that resulted in an increase 
of the surface contacts between the sample and the sensor, causing an increase in 
electrical impedance signal.  
In the light of the fabrication results reported in Chapter 3, we aimed to exploit our 
3D microelectrodes to develop a microfluidic platform to measure, the impedance 
signature of activated primary CD8+ lymphocytes in suspension. The activation is 
performed by mitogenic stimulation with anti-CD3 and anti-CD28 antibodies. By 
this label-free approach we analyzed T cells sample suspended in physiological me-
dium, without the need to adjust its conductivity, differently from DEP and EROT. 
Moreover, this approach based on impedance microcytometry allows to perform 
single-cell measurement, guaranteeing at the same time a high-throughput and over-
coming the limitations of the other electrical techniques presented above. 
??????????????? ???????
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The microfluidic device was fabricated as described in section 3.2 through a com-
bination of thin-layer deposition, photolithographic and etching techniques. The 
3D microelectrodes were combined with SU-8 to obtain chips with electrodes out-
lined on passive 3D structures embedded in a microfluidic channel as described in 
3.4 (Figure 4.3). The microchannel was formed by bonding a PDMS module on the 
top of the chip (3.3).  
The microchannel featured one single sensor composed of three micropillar elec-
trodes aligned in the direction normal to the flow and occupying the entire width 
of the channel (150 μm). The micropillar electrodes were 30 μm wide, 30 μm deep 
and 50 μm high and were characterized by an inter-electrode gap of 30 μm. Each 
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microelectrode was connected through individual planar lines to pads located on 
the chip border. The microelectrodes, the microchannel and both upstream and 
downstream SU-8 structures were fabricated with a matching height of 50 μm. In 
order to prevent clogging, SU-8 filters were placed 1.8 mm upstream of the sensor. 
The chip was clamped with a custom-designed poly(methyl methacrilate) (PMMA) 
holder and a printed circuit board (PCB) providing both fluidic and electrical con-
nections. The PCB comprised spring-loaded pins to contact the electrode pads on 
the device once screwed on the PMMA holder. The silicon substrate was connected 
to ground.  
Samples were loaded into a glass syringe and injected into the chip via silicone tubes 
under controllable continuous-flow by a syringe pump (Pump 11 Elite, Harvard 
Apparatus) at a flow rate of 1 μl/min. The device was primed with 100 mM NaOH 
and de-ionized water before injections and rinsed with the same solution after each 
Figure 4.3: The schematic shows an overview of the microfluidic device. The dashed box shows the posi-
tion of the impedance sensor in the microfluidic channel. The SEM pictures shows the 3D microelec-
trodes integrated in SU-8 passive structures (indicated by white arrows).
Figure 4.4: a) The sketch schematically shows the chip held in the PCB and docked onto the microscope.
A syringe pump system provides the control of the fluid in the microchannel. b) Picture of the setup under 
the microscope. 
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measurement. When needed, a 0.02% Tween-20 PBS buffer was used to remove 
larger debris accumulated after injections. During the washing steps flowrates were 
always keep below 50 μl/min. 
The chip was placed under an upright fluorescence microscope (DM2500 Leica) 
to observe, either in bright field or in fluorescence, the passage of cells through 
the 3D microelectrodes. Synchronized videos were acquired simultaneously to 
the acquisition of the electrical measurements by means of a high-speed sCMOS 
camera (Andor Neo 5.5). A schematic view and a picture of the setup are shown 
in Figure 4.4a) and b) respectively. 
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The impedance of cells flowing through the sensor was sampled in differential mode 
at a rate of 3100 samples/sec. An alternating voltage (Vs) of 400 mV amplitude and 
0° phase was applied to the central microelectrode (labelled as ‘2’ in Figure 4.5). 
The output signals from the two outer microelectrodes were converted and ampli-
fied by a transimpedance amplifier (HF2TA, Zurich Instruments) with a gain of 
10 kV/A before being differentially recorded and demodulated by a lock-in amplifier 
(HF2LI, Zurich Instruments). The differential approach was chosen because it sig-
nificantly reduces the electrical noise and cancels out thermal fluctuations and var-
iations in the composition of the fluid [167].  
The signal output of the lock-in is expressed as the in-phase and the 90° out-of-
phase components of the current Ir (real and imaginary, respectively) and it is in-
versely proportional to the differential microchannel impedance under test (Zm) ac-
cording to: 
?? ?
??
?? 
Equation 4.1 
For this reason, the current signal can be directly used as characteristic signal in the 
measurements and displayed using either the in-phase and the out-of-phase parts of 
the magnitude and phase components.   
The real and imaginary components of six demodulated frequencies in the 
100 kHz - 27 MHz range were acquired simultaneously and used to characterize 
the particles flowing through the sensor, on the basis of their electrical proper-
ties. The passage of a single particle through one of the gaps perturbs the sensing 
area impedance for a few tens of milliseconds, depending on the flow rate and the 
particle size.  Such change in impedance generates one peak over the baseline for 
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each of the two components of the signal and for each single frequency.  
Data were processed using a custom-written graphical user interface (GUI) coded 
with Matlab (R2015b, MathWorks). In order to improve the peak detection step 
and correct for any time-dependent drift, each signal was processed applying a wave-
let-based de-noising as well as a baseline removal operation.  
Peaks timestamps were determined on one component characterized by a high sig-
nal-to-noise ratio (typically the in-phase component at 6 MHz). Post data acquisi-
tion, the height and width of the peaks on each component were extracted and 
elaborated by the GUI to adjust automatically the detection parameters. Figure 4.6 
shows a typical GUI interface used for the data processing.  
?????????????????????????????????????????????????????????? ????????
Primary CD8+ T lymphocytes extracted from the spleen of laboratory mice hosted 
at the Ludwig Centre for Cancer Biology were purified using EasySep CD8 negative 
selection kits (STEMCELL Technology) according to the manufacturer’s instruc-
tions. CD8+ cells (2 millions/ml) were stimulated with coated anti-CD3 (5 μg/ml, 
clone 145-2C11, eBioscience) and soluble anti-CD28 (1 μg/ml, clone 37.51, Bio-
legend) for 16 h.
After stimulation, cells were washed, re-suspended in FACS buffer (PBS with 3% 
FCS) and stained with CD8 and CD69 antibodies for 10 minutes at room temper-
ature. The CD69 differentiation antigen is one of the earliest cell surface molecules 
express after the activation of T cells [168]. For this reason, the expression of CD69 
is commonly used as a marker of activated T lymphocytes. Cells were then washed 
twice with FACS buffer and pool-sorted by FACS (Aria IIu, BD) according to the 
level of expression of CD69. The sorted CD69+ T cells were split in two and one of 
Figure 4.5: A sinusoidal voltage is applied using six simultaneous frequencies (ranging from 100 kHz to 
27 MHz) to the central microelectrode (‘2’ in the cartoon). The current outputs from the outer microe-
lectrodes (‘1’, ‘3’) are converted to voltage by transimpedance amplifiers (TA) and then processed differ-
entially by a lock-in amplifier. The zoomed-in detail reports a sketch of the sensor in the microfluidic 
channel. 
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the subsets was stained with CFDA-SE (BioRad) for fluorescence imaging during 
the electrical measurements (Figure 4.7). These were performed approximately 24 
hours from the beginning of the incubation with the antibodies.   
The four cellular pools enlisted in Figure 4.7 [unstimulated T cells; non-activated 
CD69- cells; activated CD69+ cells (either CFDA-SE stained or not)] as well as mix-
tures of CD69- and fluorescent CD69+ cells were used for the experimental meas-
urements. Cells were spiked with 10 μm beads as internal reference and re-sus-
pended in sterile-filtered PBS-Ficoll 65% (showing the same conductivity of stand-
ard PBS 1X - 15.98 mS/cm) at concentrations ranging from 300’000 cells/ml to 
500.000 cells/ml. Ficoll was employed to minimize particle sedimentation at the 
low injection flowrates employed and to preserve the osmotic balance of the cells. 
Before each injection, cells in solution were re-suspended with a micropipette to 
guarantee sample uniformity.  
Figure 4.6: Typical GUI interface used for data processing. The signal represented in the dashed gray box 
(blue line) is filtered to remove noise and correct the baseline. Yellow triangles highlight the changes in the 
baseline which are identified as peaks. The line in green indicates the threshold for the peak detection. The 
noise filtered out from the signal is represented in red. The buttons on the right (violet dashed box in the
figure) allow the user to change the parameters used for signal processing. 
?
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Figure 4.7: Schematic representation of the preparation of primary T lymphocytes samples. CD8+ 
T cells were purified from the spleen of laboratory animals and split in two subsets. One cell pool
was activated with anti-CD3 and anti-CD28 antibodies, stained with anti-CD8 and anti-CD69 and 
then FACS sorted for CD69 expression. Sorted CD69+ cells were split in two and one of the subset 
was labelled with CFDA-SE for fluorescence imaging (acquired simultaneously to the electrical 
measurements). 
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Commercial monodisperse polystyrene beads (Fulka, Sigma-Aldrich Chemie 
GmbH) with diameters of 8, 10 and 15 μm were employed. The sizes of the beads 
were chosen in order to match the size ranges of quiescent and activated T cells, 
according to optical-microscopy observations (not shown) and in agreement with 
what previously reported ????????????.  
Beads were diluted in a solution of sterile-filtered PBS-Ficoll 65% to a concentra-
tion of 500’000 beads/ml.  
????????????????????????
Mixtures of cells and beads were injected into the chip at concentrations that limited 
significantly the possibility of having two cells pass simultaneously through the sen-
sor, as verified by continuous optical observation of the sensor area. The passage of 
a cell through either interelectrode gates of the sensor perturbs the impedance of the 
volume between facing electrodes.  As shown in Figure 4.8, the sign of the peak 
amplitude can be either positive or negative with respect to the baseline of the signal. 
This depends on which interelectrode gate is crossed by the particle (cell/bead) at 
that time, considering that the signal is acquired differentially from the two external 
microelectrodes. 
Due to possible differences related to electrodes microfabrication, the amplitudes of 
opposite peaks of comparable particles might be different. For this reason, signal 
analysis has to be applied to individualise the analysis for the two interelectrode 
gates.  
Being aware of possible variation of the signal due to cell characteristics, beads of 
10 μm in diameter were used as reference by spiking them in cell samples. In this 
way, potential drifts or variations during the measurements could be monitored 
concomitantly to the analysis. During the experiments we noticed how such varia-
tions can be caused both by the instrument parameters (i.e. response signal is dif-
ferent from one combination of frequencies to the other), or by factors that perturb 
the sensing regions, such as minor contaminants in solution (e.g. small particles of 
dust) or microbubbles. To take this into account, we filtered our solutions prior to 
use through 0.22 um filter and thoroughly cleaned the microchannel by ultrasonic 
bath in a detergent solution (typically 0.02% Tween-20 in 1X PBS) applied for few 
minutes. Measurement conditions can be also affected by cell debris adhering on 
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the surfaces of the pillars. To prevent this, the channel was cleaned with 100 mM 
NaOH every time the syringe was loaded with a new sample (considering the average 
duration of a measurement session, a cleaning step of the microchannel was then 
performed usually every 20 min). In addition to all these precautions, all the unde-
sired perturbation of the measurement, causing unexpected variation of the output 
signal, were subsequently corrected by the data processing procedure.  
In the light of our experience, beads play an important role as reference to monitor 
and consequently correct the measurements when needed. Beads of 10 μm in diam-
eter, bigger than cell sizes, were chosen as reference to easily distinguish their im-
pedance signature from the cells’ ones.  
??????????????????????????????????????????????????????????????????
Electrical measurements of both homogeneous samples and mixtures of beads were 
performed at different frequencies. The in-phase component of the output signal of 
8 μm beads for six different frequencies in the 300 kHz - 17 MHz range is shown 
in Figure 4.9. Peaks generated by an 8 μm bead flowing across an interelectrode gate 
outstand from the noise for each frequency, being 10 MHz the component with the 
lowest signal to noise ratio. It should be pointed out that opposite peaks are typically 
not symmetric. Intrinsic differences of the microelectrodes may introduce this asym-
metry, which has to be taken into account during data analysis. As a consequence, 
Figure 4.8: Sketch of the sensor in the microchannel (top view) and of the signal change due to the passage
of a single particle (cell/bead). Due to the differential configuration, the amplitude peak assumes positive 
(a) or negative sign (b) respect the signal baseline, depending on the position of the particle in the sensor 
(Gap #1/Gap #2 in the figure). 
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different thresholds for peak detection are necessary and for this reason, among the 
six frequencies employed, a reference component with high SNR is chosen, when 
processing data to extract the peaks. In addition, the same reference component is 
chosen to extract both positive and negative peaks and to reduce data processing 
time.  
Figure 4.9: Raw in-phase component signals recorded at six different frequencies simultaneously. Peaks 
correspond to the passage of a single 8 μm-diameter beads in either interelectrode gaps.  
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The Matlab routine employed filters both in-phase and out-of-phase components 
before peak amplitude extraction. An example of data treatment of a single peak 
before (a) and after (b) the noise filtering and baseline removal is shown in Figure 
4.10.  The noise (in red in Figure 4.10b) follows a normal distribution with a stand-
ard deviation of 1.368 nA (R2=0.998) (Figure 4.10c). The standard deviation of the 
noise is larger for higher frequencies for both in-phase and out-of-phase components 
(Figure 4.11a). The signal to noise ratio, calculated as the ratio of the average of the 
peak amplitudes for 8 μm beads and the standard deviation of the noise, is repre-
sented in Figure 4.11b. In this configuration, the best detection performance is 
achieved with the in-phase component at 1 MHz and both components at 6 MHz.  
In order to identify the best component for discriminating beads based on their size, 
the variability of the signal of 8 μm beads has been analyzed for all components. As 
expected, the lowest CV is attained when using the highest signal-to-noise compo-
nents (Figure 4.12b) 
Polystyrene beads of different sizes were used to determine the performance of the 
system in discriminating particles based on size. Figure 4.13 shows the height of the 
peaks extracted for the in-phase component acquired at 6 MHz for a mixed popu-
lation of 8, 10 and 15 μm diameter beads. The three subpopulations distribute dif-
ferently according to their size and they can be easily distinguished. The change of 
the impedance signal is proportional to the particles volume as shown in Figure 4.14 
and thus scales as the third power of radius (R2=0.9981). 
The CV of the electrical signal is approximately 4% for 8 μm diameter beads, 6% 
for 10 μm diameter beads and 6.9% for 15 μm diameter beads. The manufacturer 
Figure 4.10: Typical signal output for an 8 μm bead before (a) and after (b) the signal processing proce-
dure. (c) Histogram of the measurement noise extracted for the in-phase component at 6MHz. Noise 
distribution is fitted by a normal density function (dashed line in red). 
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declares a CV (in diameter) of 1.13%, 1.19% and 2%, for 8 μm, 10 μm and 15 μm 
beads respectively. This translates into a volume CV of approximately: 3.3%, 3.6% 
and 6.1%. The values are summarized in Table 4.1.   
 
Figure 4.11: (a) Variation of noise standard deviation of the in-phase (blue) and out-of-phase component 
(yellow) of the output signal respect frequency. (b) Variation of the ratio between the peak amplitudes of
8 μm-diameter beads and the corresponding noise standard deviation versus frequency. 
Figure 4.12: Variation of CV of the peak amplitudes of 8 μm-diameter beads evaluated for both in-phase
(blue) and out-of-phase (yellow) components of the output signal recorded at six different frequencies 
simultaneously (more than 600 events). 
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The CV of the impedance volume increases with the beads size, reflecting the 
volume CV. The values of CV obtained from our electrical measurements are 
slightly higher (in particular for the 10 μm beads) than the nominal variability 
of the size of the beads. It is important to observe that the events correspond-
ing to 10 μm beads are less numerous compared to the ones of 8 μm and 
15 μm, and this difference in numerosity might have affected our estimations. 
Despite the slight difference, the electrical measurements well approximate the 
Figure 4.14: Variation of the in-phase component at 6 MHz for the mixture beads population respect
their volume. 
Figure 4.13: Histogram of the impedance signature of 8, 10 and 15 μm beads (668, 169 and 238 events 
respectively) plotted against the in-phase component recorded at 6 MHz. 
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nominal values. We thus chose not to provide the device with a focusing mod-
ule to position the particles in the center of the interelectrode gap. This might 
indeed reduce the variability of the impedance signal [171], but it would imply 
a more complex fluidic setup. Typical CVs of commercial Coulter counters, as 
reported by the manufacturers, are larger than 2%hence showing that our de-
vice has state of art performance.  
Table 4.1: Values of CV of 8 μm, 10 μm and 15 μm diameter beads measured by the sensor and 
provided by the manufacturer. 
? ????? ?????? ??????
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Figure 4.15: (a) FACS analysis of stimulated T lymphocytes during cell sorting. GatedCD69- cells are
represented in red and the gated CD69+ population in violet. Optical microscope images of unstimulated 
(b), CD69- (c) and of the CD69+ cells (d) sorted by FACS. (Bar size 50 μm). 
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The results of FACS sorting (performed at the LCCB) are shown in Figure 4.15. 
The signal corresponding to the expression levels of CD69 and CD8 are represented 
respectively on x- and y-axis. The gating strategy to sort cells according to their 
CD69 expression was chosen to enrich for high CD69 expresser (assuming a marked 
activation of the corresponding cell pool). Microscopy inspections of the sorted 
groups of unstimulated, CD69- and CD69+ cells are reported in Figure 4.15b, c 
and d.  
Unstimulated T cells were then measured over the whole range of frequency. Figure 
4.16 shows the change of electrical impedance due to the passages of single cells. 
The cell-induced change of the real and imaginary parts of the differential signal are 
represented in Figure 4.16a and Figure 4.16b respectively with error bars reporting 
the variability over 500 or 1790 single cell events. The impact of cells on the baseline 
Figure 4.16: Changes of the in-phase ad out-of-phase components generated by the passage of single 
unstimulated CD8+ T cells. The values are the measured peaks averaged over around 200 events or 1200
events depending on the frequency. The error bars correspond to the standard deviation of the measure-
ments. 
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impedance is visible between approximately 100 kHz and 30 MHz, where both the 
contribution of the electrode interface capacitance at the lower frequencies (approx-
imately 1.5 μF/cm2) and of the parasitics at higher frequencies are attenuated.  
As previously mentioned, in order to observe the impedance changes induced by 
activated and non-activated T lymphocytes, we selected the components that max-
imized the signal-to-noise ratio, namely the in- phase component at 6 MHz and the 
out-of-phase component at 14 MHz.  
These signals are represented on the scatter plots of Figure 4.17, which reports the 
lower frequency component on the x-axis and the ratio of the higher over lower 
frequency component on the y-axis. The cells of the mixture identified as activated 
by fluorescence are indicated with red circles on the plot.  
This population experiences a marked shift on the component at 6 MHz. We assume 
that the major contribution to this change is the size increase of cells after mitogenic 
stimulation and that the spread of the response at 6 MHz relates mostly to the asyn-
chronous re-entry in the cell cycle of activated cells upon stimulation (hence, the 
heterogeneity in size of the cell pool). We nevertheless cannot rule out the detection 
of activation-dependent membrane features, which would be visible at that very 
same frequency [172], [173].  
Figure 4.17: Injections of mixture of CD69- (in grey, 313 events) and labelled CD69+ (in red, 131 events). 
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Figure 4.18: (a) Individual injections of CD69- T cells / 10 μm beads mixtures and CD69- T cells / 10
μm beads mixtures (yellow squares and blue circles, respectively) before correction. (b) The values of each 
population have been adjusted on both axes by subtracting the median value of the corresponding beads’ 
population. The overlap of the beads populations before and upon correction is highlighted in the respec-
tive insets. 
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Figure 4.19: Scatter plot corresponding to the signal peaks of single cells at frequency of 6 MHz and
14 MHz for CD69+ cells (a), CD69+ and CD 69-cells (b) and CD69+, CD 69-and unstimulated cells (c).
The peak values of CD69+ cells have been adjusted with respect to the beads populations. The insets
highlight the overlap of the beads populations upon correction. c) The dashed line, representing the iso- 
contour of the Gaussian distribution, allows to visualize a 2D confidence interval, showing the 50% and
99% confidence ellipses for the bivariate normally distributed data. This confidence ellipse defines the 
region that contains 50% (dark green) and 99% (light green) of the data. 
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Since the intrinsic electrical properties of cells are more evident towards higher fre-
quency ranges, we highlight this contribution by plotting the ratio of the two com-
ponents at 14 MHz and at 6 MHz (represented on the y-axis of the plot (in Figure 
4.17). This allows to appreciate a shift in the population of activated cells which is 
specific for the 14 MHz component. This signal could arise from cytoplasmic and 
membrane changes associated to activation - possibly, the remodeling of actin cyto-
skeleton [174] which in turn reflects on the reorganization of cell morphology [163] 
or the increment of nuclear volume [175]. In addition, a Student t-test was per-
formed on the y-axis datasets, obtaining a p-value of less than 0.0001 
The distribution of CD69- cells over the 6 MHz component shows a smaller popu-
lation of non-activated cells falling in the region where most activated cells reside. 
This is possibly due to CFDA-labelled activated cells that have escaped the detection 
through fluorescence while flowing through the sensor.  
To compare the two clearly defined populations we performed injections of indi-
vidual samples of CD69- and CD69+ cells (respectively in yellow and in blue in 
Figure 4.18), both spiked with 10 μm polystyrene beads to account for signal vari-
ation across different experiments. More particularly, the data points of Figure 
4.18a were corrected for this variation, estimated from the signal shift of the spiked 
beads. The correction was obtained by subtracting the median value of the x- and 
y- components of the beads from the ones of the CD69- and CD69+. Data after 
correction are shown in Figure 4.18b. When measuring sorted cells separately, the 
distribution of CD69- cells shows a single peak, in support of our hypothesis on the 
presence of residual CD69+ cells that escaped the detection through fluorescence. 
Moreover, the shifts of the activated cells on both axes are in agreement with the 
previous experiment (summarised in Figure 4.17) corroborating how the staining 
performed on the activated cells in the mixture (Figure 4.17) cannot be accounted 
for the change in impedance.  
The two components at 6 MHz and at 14 MHz, chosen to highlight the impedance 
change upon T cell activation, were used to characterize quantitatively the capability 
of the system to discriminate activated lymphocytes. Figure 4.19a and b show the 
scatter plots of CD69- and CD69+ populations (yellow circles and blue circles, re-
spectively). Unstimulated T cells are used as reference to set a boundary in the 2D 
space beyond which the cells are defined as activated (Figure 4.19c).  
The boundary is determined by the confidence region that encompasses the unstim-
ulated cells population. If considering a confidence region of 50% (Figure 4.19c – 
dark green dashed ellipse), our system has a sensitivity of 94% (i.e. 94% of the 
activated CD69+ cells fall within their corresponding area).  
Moreover, we calculated the specificity of our detection by considering the percent-
age of CD69- cells falling within the non-activated region (defined by the unstimu-
lated pool), obtaining a value of 74%. Specificity reaches instead 99.66% when 
choosing the 99% confidence region of the non-activated pool Figure 4.19 c – light 
CHAPTER 4 | 
?
?
???
green dashed ellipse), at the cost, though, of a much lower sensitivity (59.12%). 
While the system, in its current configuration, does not comply with the stringent 
requirements for the detection of antigen responsive T cell clones (down to 0.6 – 60 
cells over 106) [142] it does show that activation induces changes in individual cells, 
which in turn modify their electrical impedance. 
The discrimination capability of the system is clearly impacted by the variability of 
the impedance signal of the activated lymphocyte pool, possibly due to different 
stages of both the cell cycle and cell activation at that time-point. Moreover, the 
variability of the impedance signature of activated T cells is much larger than the 
measurement error, which was extrapolated from tests on polystyrene beads shows 
above (~1 nA, 4.3.1). It is important to observe that the accuracy in determining 
cell size obtained with this sensor, is achieved despite the lack of a focusing strategy 
to control the position of the cell between the electrodes. It should be pointed out 
that, with this fabrication technology, the size of the pillars, the interelectrode dis-
tance and the height of the chamber could be reduced to achieve a 5 times larger 
cell-to-volume ratio [123] leading to a larger signal output. The fabrication tech-
nology presented allows to arrange a large number of sensors in the same chamber 
and multiple chambers on the same chip, opening the possibility to exploit the im-
pedance signal to detect T cell activation on larger cell pools. In addition to a flow 
system with improved parallelism and performance, we foresee the possibility of 
monitoring the activation of T cells in real-time through impedance. This would 
require tailored sensor arrays conjugated to single-cell traps where individual T cells 
could be activated on chip with a strategy similar to what reported in [149] and 
screened for activation. 
?????????
We show in this chapter the detection of activated T cells in flow through imped-
ance, a label-free approach that circumvents some of the technical limitations typi-
cally encountered when screening T cells to employ in adoptive immunotherapy. 
The electrical characterization of single cells is performed in a microfabricated chan-
nel featuring vertical platinum electrodes and SU-8 microfluidic structures. The 
platform is obtained through a fabrication approach based on bulk micromachining 
on silicon that greatly improves reliability and allows to easily upscale the system 
for higher throughput. The possibility to display vertical-electrode features with 
high conductivity results in high-performance impedance microsensors that can be 
configured as high density arrays. Notably, conjugating impedance-based analytics 
with single clone segregation on chip would permit to follow in real-time - and non-
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invasively - the activation of single T cells, with the potential of revealing infor-
mation on the activation process and its stages.   
 
?
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Electrical-based techniques bear the potential to provide sensing and actuation func-
tions to singularly addressable high-density locations on lab-on-chip devices. The 
realization of such concept is presently limited by the lack of a technology to obtain 
low-resistance free-standing electrodes and vertical electrode surfaces integrated in 
microfluidic structures. This thesis addresses this limitation by providing two solu-
tions for the fabrication of highly conductive vertical platinum electrodes with high 
aspect-ratio that can be easily combined with microfluidic SU-8 structures.  
The first process described is based on SU-8 photolithography, standard thin-film 
deposition and patterning techniques and allows to achieve high aspect-ratio and 
high density 3D electrode structures. The fabrication process and the achieved re-
sults have been published in the journal Microelectromechanical Systems,  [124] and 
presented in  the IEEE Engineering in Medicine and Biology Society conference 
(2015) [176]. Moreover, this process has been recently employed in our laboratory
to achieve combined dielectrophoresis (DEP) and electrorotation (ROT) using M-
17 neuroblastoma cells [177]. 
The second fabrication process is based on standard silicon micromachining. The 
cores of the 3D microelectrodes are obtained by etching silicon wafer and then pas-
sivated prior the metal deposition. The metal is sputtered and successively patterned 
by spray coating and dry etching. Similarly to the previous case, the process and the 
results of the microfabrication have been published in the journal Sensors and Actu-
ators B [123] and presented in peer-reviewed conferences [178]–[180] showing the 
implementation of the technology for impedance-based measurements of particles 
and cells.  
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In both process, microelectrodes can be fabricated on silicon substrate and are hence 
CMOS-compatible enabling their implementation together with circuits. One of 
the major differences between the two described processes is that, in the first fabri-
cation process, the cores of the electrodes are obtained by surface micromachining 
which patterns the microstructures on an additional SU-8 structural layer. Con-
versely, in the second fabrication process, the core structures are directly etched into 
the silicon wafer by bulk manufacturing, in a subtractive way. In this second case 
the electrodes are more robust and the process more reliable with respect to the one 
based on SU-8. Nevertheless, silicon structures need an electrical insulation layer. 
Moreover, spray coating is required to pattern planar connections, limiting the den-
sity of lines that can be obtained compared to the lift-off process.  
The chips can undergo autoclave sterilization and be reused multiple times. Devices 
have been tested and used multiple times over many months without degrading their 
performances. 
Recently we employed the silicon-based strategy to fabricate an impedance micro-
fluidic cytometer used to characterize pools of in vitro activated T lymphocytes. We 
show, for the first time, that single activated T cells in flow can be identified by 
their peculiar electrical signal without the need to employ cell markers. This work 
originates from a collaboration with the LCCB and is inspired from the need to 
establish a strategy for a minimally-invasive analysis and manipulation of immune 
cells. These methodologies are in fact of great interest in the context of adoptive 
immunotherapy at the aim of reemploying characterized cells to treat patients. (Our 
results have been reported in a manuscript currently under review). 
?????????????????????
Some of possible future investigations we outline below are currently undertaken 
and the preliminary results are presented. 
Employment of glass substrate  
SU-8-based microelectrodes could be fabricated on an insulating substrate, i.e. float 
glass. The use of a glass should reduce the capacitance between the electrodes and 
the substrate, increasing the upper frequency limit of the frequency measurement. 
The contribution of the parasitic capacitance in measurements is in fact determined 
by the thickness of the insulating layer underneath the electrodes, and by the mate-
rial of the substrate itself (insulator in the case of glass or semiconductor in the case 
of silicon). We performed preliminary trials by fabricating metal-coated SU-8 mi-
croelectrodes with the same configuration used for the impedance-based cytometer 
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described in this work. When employing the electrodes for this application, an ad-
ditional passivation step is required to insulate the planar metallic surfaces. We per-
formed preliminary experiments with a pilot device (Figure 5.2), similarly to what 
shown in 4.2.1, but we encountered a main issue in the chip sealing, possibly caused 
by the presence of the insulating layer itself. The insulating layer poorly adheres on 
the glass substrate, and this affects the sealing of the microfluidic channel. Addi-
tional optimization is hence required (SiO2 and Al2O3 have been tested so far). A 
possible strategy to overcome this issue consists in realising a holder allowing to 
clamp the PDMS and the chip and to screw them together. 
Impedance sensor arrays  
Multiple sensors featuring arrays of 3D electrodes can be fabricated in the same 
channel separated by SU‒8 structures that would prevent the passage of cells be-
tween neighbouring sensors (see Figure 5.2). In this way, wider channels can be 
obtained, resulting in upscaled throughput, as well as in the reduction of pressure 
in the microchannel and in a reduced risk of clogging. 
  
Figure 5.1: SEM picture shows SU-8-based 3D microelectrodes fabricated on a glass substrate and inte-
grated in SU-8 microfluidic channel. 
Figure 5.2: SEM picture of multiple sensors in a single microfluidic channel. The SU-8 separator prevent 
cells flowing through the interelectrode gap of the two different sensors.?
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Application in adoptive immunotherapy  
As already discussed in 4.3.2, the detection of antigen-specific T cells has stringent 
requirements, due to their low frequency in the sample, that cannot be satisfied by 
the current system configuration. To overcome this limitation, we foresee a new 
device that features an array of sensing sites integrated in single-cell traps to monitor 
in real-time the activation of single T cells through impedance measurements.  
Different published works already report on microfluidic platforms to assess single-
cell impedance [181]–[187], but each proposed solution employs coplanar elec-
trodes, hence presenting the drawbacks already discussed in 1.3.1. On the basis of 
these works, we are currently developing a platform featuring trapping sites conju-
gated with vertical electrodes to monitor the impedance response in real-time. The 
electrodes we envision could be used to individually release or treat (i.e. induce cell 
lysis) the trapped cells by applying appropriate electric field. In addition, vertical 
electrodes and a transparent cover would allow to couple the impedance measure-
ments with microscopy to monitor cell morphological changes or signalling (i.e. 
calcium dynamics thorough fluorescent dyes [155]).  
The design and fabrication of this platform have been recently undertaken. On the 
basis of the hydrodynamic trapping concept proposed by Tan and Takeuchi in 
[188], we performed numerical simulations (not shown here) to optimize the design 
parameters of the microfluidic traps tailored for our application. The schematic of 
the design of a single-cell trap including the vertical electrodes is shown in  Figure 
5.4a. An analogous scheme for cell trapping have been lately developed also by Zhou 
et al. [186] Their solution combined the trap with coplanar electrodes to monitor 
single cell lysis through impedance (Figure 5.3).  
Recently, we succeeded in the fabrication of the vertical electrodes integrated into 
single-cell traps, employing respectively the processes described in 2.1.1 and in 2.1.3 
( Figure 5.4b and c). 
We foresee further experiments to characterize the device using polystyrene beads 
Figure 5.3: (a) Schematic of the microfluidic device featuring integrated coplanar electrodes (in yellow). 
(b) Schematic of a close up view of a single trapping site combined with the sensing electrodes. 
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and successively challenging it with measurements on T cells. We foresee to further 
extend the analysis by integrating the monitoring of cell impedance with the actual 
activation of cellular clones directly on chip. We will proceed along this line by 
defining, in first instance, the protocol for the activation of the T cells directly on 
chip. 
Figure 5.4: (a) Schematic top view of the trap sites. The red dashed circles indicate the position that would 
be occupied by a cell in the trap sites between two round-shape pillars. According to direction of the flow
one trap would be occupied by a cell and the other would remain empty, working as reference. The metal
connections are represented in green and are partially buried by the SU-8 microfluidic pattern represented
in blue. The microchannel is represented in white. According to the design proposed by Tan et al., when
the trap is empty the flow resistance in the short channel is lower than that one in the loop channel. 
Therefore, a cell in the microchannel is carried into the trap if it is empty, while it is carried in the loop
channel if the trap is filled. (b) SEM image of four round-shape pillars. The green circles indicate the top
edge of the metal-coated SU-8 micropillars. (c) SEM image of the four round-shape pillars incorporated
into the SU-8 microfluidic pattern. The green circles indicate the top edge of the metal-coated SU-8
micropillars. 
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